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GENERAL INTRODUCTION 


American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the American 
Chemical Society was to undertake the productidh and publication of 
Scientific and Technologic monographs on chemical subjects. At the same 
time it was agreed that the National Research Council, in cooperation with 
the American Chemical Society and American Physical Society, should 
undertake the production and publication of Critical Tables of Chemical 
and Physical Constants. The American Chemical Society and the National 
Research Council mutually agreed to care for these two fields of chemical 
development The American Chemical Society named as Trustees, to make 
the necessary arrangements for the publication of the monographs, Charles 
L Parsons, secretary of the society, Washington, D C ; the late John E 
Teeple, then treasurer of the society. New York; and Professor Gellert 
Alleman of Swarthmore College The Trustees arranged for the publica- 
tion of the A. C. S series of (a) Scientific and (b) Technologic Mono- 
graphs by the Chemical Catalog Company, Inc (Reinhold Publishing Cor- 
poration, successors) of New York 

The Council, acting through the Committee on National Policy of the 
American Chemical Society, appointed editors (the present list of whom 
appears at the close of this introduction) to have charge of securing 
authors, and of considering critically the manuscripts submitted The 
editors endeavor to select topics of current interest and authors recognized 
as authorities in their respective fields 

The development of knowledge in all branches of science, especially in 
chemistry, has been so rapid during the last fifty years, and the fields cov- 
ered by this development so varied that it is difficult for any individual 
to keep in touch with progress in branches of science outside his o\ra 
sfiecialty. In spite of the facilities for the examination of the literature 
given by Chemical Abstracts and by such compendia as Beilstein’s Hand- 
buch der Organischen Chemie, Richter’s Lexikon, Ostwald’s Lehrbuch der 
Allgemeinen Chemie, Abegg’s and Gmelin-Kraut’s Handbuch der Anor- 
ganischen Chemie, Moissan’s Traite de Chimie Minerale Generale, Friend’s 
and Mellor’s Textbooks of Inorganic Chemistry and Heilbron’s Dictionary 
of Organic Compounds, it often takes a great deal of time to coordinate 
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* the knowledge on a given topic. Consequently when men who have spent 
years in the study of important subjects are willing to coordinate their 
knowledge and present it in concise, readable form, they perform a service 
of the highest value. It was with a dear recognition of the usefulness of 
such work that the American Chemical Society undertook to sponsor the 
publication of the two series of monc^raphs. 

Two distinct purposes are served by these monographs : the first, whose 
fulfillment probably renders to chemists in general the most important 
service, is to present the knowledge available upon the chosen topic in a 
form intelligible to those whose activities may be along a wholly different 
line. Many chemists fail to realize how closely their investigations may 
be connected with other work which on the surface appears far afield from 
their own. These monographs enable such men to form closer contact 
with work in other lines of research. The second purpose is to promote 
research in the branch of science covered by the monograph, by furnishing 
a well-digested survey of the progress already made, and by pointing out 
directions in which investigation needs to be extended To facilitate the 
attainment of this purpose, extended references to the literature enable 
anyone interested to follow up the subject in more detail. If the literature 
is so voluminous that a complete bibliography is impracticable, a critical 
selection is made of those papers which are most important 

AMERICAN CHEMICAL SOCIETY 

BOARD OF EDITORS 

Scientific Series — Technologic Senes’ — 

William A Noyes, Editor, Harrison E Howe, Editor, 

S C Lind, Walter A. Schmidt, 

W. Mansfield Clark, E R Weidlein, 

Linus C. Pauling, F. W. Willard, 

L. F. Fieser W. G Whitman, 

C. H. Mathewson, 

T HOMA.S H Ciiir ton, 

Bruce K Bro\\ n, 

W T Read, 

Charles Allen Thomas. 
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Origin. 

This compilation was begun under the auspices of a committee of the 
, National Bureau of Standards, the late E. W. Washburn, Chief Qiemist, 
being chairman. Its purpose is to present either specifically or by reference 
all the material likely to be of interest to anyone studying the properties 
of ordinary water-substance, t.e., that of the usual isotopic composition.* 

After the general plan had been decided upon, ^he compiler was left 
entirely free to determine the details. He is greatly indebted to many for 
advice; but he alone is responsible for all errors of judgment in the selec- 
tion of information to be included, in the form of presentation, in the 
explanations and discussions, and m all the other details involved in the 
making of such a compilation. 

Plan. 

The plans of the committee called for (a) assembling from the Inter- 
mtwncU Critical T ables all data pertaining to the properties of the ordinary 
vvater-substance in all its phases, (b) revision and extension of those data 
in the light of more recent work, (c) inclusion of types of data that had 
been omitted from the Critical Tables, either through oversight or because 
of the nature of the plan adopted for those Tables, and (d) the arrange- 
ment of the whole so as to facilitate its use. The committee desired that 
the data be grouped in accordance with the se\ oral phases of the substance, 
and their combinations. 

This general plan has been adhered to But the term “data” has been 
interpreted broadly, for there is much non-minierical information that 
should be available to one studying tlie water-substance. 

The units in which the numerical data are expressed are always plainly 
indicated, and the significance of the data is explicitly stated wherever there 
seems to be any danger of their being misunderstood by one not well 
informed in the field concerned. In some cases pertinent formulas are 
given or derived, and a computed quantity {eg, disposable energy of 
formation) is accompanied by the basic data and the formula employed in 
deriving it. Most of this will seem to the expert to be very elementary 
and needless, but having more suitable sources of his own, he will seldom 
seriously consult this one for information in his own field. It is not the 
expert, but he who is not especially well acquainted with the field concerned, 
who must be considered 

* A review of our knowledge of the properties of tlie isotope deuterium oxide 
(DfO) has been published by H C Urey and G K TeaU 

^ Certain changes in the tabular presentations have been made by the Publisher 
in accordance with the style adopted for the ACS monographs 

'Urey. H. C, and Teal, G K, Rm Mod Phys , 7, 34-94 (1935). 
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Groups of interpolation formulas (,e.g., for the thermal expansion of 
water, Table 100) have been compared by means of skeleton tables. This 
has revealed some persisting errors m recognized compilations, and some 
oft-quoted formulas that are totally w'orthless Such formulas should not 
appear in future compilations 

In some cases (c g., the Verdet constant for water) an arbitrary expres- 
sion suitable for computation has been set up as a norm against which to . 
compare several independent sets of data, and by which interpolation can*^ 
be readily performed In no case is it claimed tliat such a norm represents 
the data It is merely an expression that can be easily evaluated and that 
runs along near the data, so that deviations from it can be readily com- 
pared and studied, fit is especially valuable when a wide range of the 
independent variable is covered by several discrete and not satisfactorily 
overlapping groups of observations This procedure also lias revealed some 
persisting errors. 

Descriptive information is often given in the form of direct quotation 

Scope. 

Information is given regarding the properties of pure, ordinary water- 
substance m all its phases — ^water-vapor, water, and the several ices — and 
regarding the phenomena and data pertaining to its synthesis and dissocia- 
tion and to its transition from pliase to phase, but, except as presently 
noted, no information is given regarding its behavior in the presence of 
another substance Similar information alxiut the water-substance as it 
occurs 111 nature has been given when readih available 

The effect of tlie presence of air is considered, as are also the solubilities 
and diffiisivities m water of the atmospheric and noble gases, of hydrogen, 
ozone, carbon monoxide, and ammonia, and the diffusion of water-vapor in 
air, hydrogen, and carbon dioxide, and through a few solids All other 
information given concerning water and another substance is merely inci- 
dental to an understanding of the behavior of the water-substance itself 

Some types of information that might not be expected in such a com- 
pilation as this have been included For example The preparation of dust- 
free water and of monocrystals of ice, the color of water and of the sea, 
and the volumes of water menisci. 

Period Covered. 

It is hoped that no important article bearing upon the subject and 
appearing before 1938 has been overlooked, but only the most important 
of those appearing after June 30, 1937, and coming to the compiler’s atten- 
tion, have been considered. In accordance with the initial plan, the Inter- 
national Critical Tables has as far as possible been depended upon for 
information antedating January 1, 1923, and the compiler himself has 
searched^ the journals from 1922 to 1938. In many cases, data from the 
International Critical Tables have been supplemented by other early data ; 
and in fields not covered by them, the compiler has tried to consult all the 
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significant reports, early as well as recent. He fully realizes that he has 
only partially succeeded in this attempt, and will be glad to have important 
omissions brought to his attention 

Acknowledgments. 
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Introduction 


General information that will facilitate the use of this compilation is 
given in this Introduction. It is classified under two heads: (1) arrange- 
ment and documentation, and (2) symbols, units, and equivalents. Infor- 
mation regarding the origin, plan, and scope of this volume, and the period 
covered by it, will he found in the Preface. 

1. Arrangement and Documentation 

Arrangement. 

As may be seen in the table of contents, information regarding the 
water-substance has been assembled in five broad groups. (I) Synthesis 
and dissociation; (II) Single-phase systems, subdivided into (Ila) Water- 
vapor, (Ilb) Water, (lie) Ice, (III) Miiltiplc-pliase systems; (IV) Phase 
transition, and (V) Miscellanea Each of these is subdivided into smaller 
units, devoted to a closely related group of data or phenomena. 

As far as possible, the subgroups are arranged according to the nature 
of the phenomena involved, and in the following order : atomic or molecular, 
mechanical, acoustic, thermal, optical, electrical and magnetic. 

Everything that either involves the presence of a second phase ( e.g., sur- 
face tension) or requires the presence of a second phase in order to insure 
the existence of the assumed condition (eg, pressure of saturated vapor) 
has been placed in Group III (Multiple-phase systems), excepting such 
(eg., latent heat) as have to do with the act of transition from one phase 
to another. The last form the contents of Group IV (Phase transition) 
In Group V (Miscellanea) have been placed certain odd bits of informa- 
tion that do not fit in well elsewhere, and a brief note on interpolation. 

Documentation. 

All data and descriptive information, and most of the formulas and 
statements regarding theories, are accompanied by references to the sources 
from which they have been obtained or on which they rest In many cases 
references to secondary sources that have come to the compiler’s attention 
and seem to be of importance or interest to one seriously studying the 
subject are given also, although not otherwise used in the compilation. 

With the exception of references taken from the International Critical 
Tables, and a few others plainly indicated as secondary, each book and 
article cited has been examined by the compiler with reference to the infor- 
mation accredited to it; and so far as it was practical, the limiting pages 
have been determined for the references from the Critical Tables also; but 
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of the papers covered by those references, only those pertaining to fields 
that had to be reworked have been studied by the compiler. 

If the results of an investigation have been published more than once, 
whether in whole or in part, in abstract, as advance notice, or as a correction, 
a reference to each such publication that has come to the compiler’s atten- 
tion is given, except that no reference is given to the Bulletin of the 
American Physical Society, the abstracts in that being contained in the 
Physical Review also, to which reference is made. 

The relations between the several articles as regards extent and content, 
but not time of publication, are indicated by means of the following symbols 
used for separating the references, each referring primarily to the two 
between which it appears • = means that the articles differ in no essential 
feature other, perhaps, than language; — means that one is a slightly 
revised copy of the other, the changes may or may not be of importance; 
— > and *— mean that the one at the head of the arrow is a shorter report 
(abstract, review, etc ) than that at the other end The shorter is always 
at the head of the arrow, whatever its date. 

In all cases, the information to which such a string of references relates 
has been derived from the first of the string, unless the contrary is explicitly 
stated. 

Occasionally it has seemed desirable to refer to a particular page or 
illustration, or to give the characteristic designation of the article as a 
separate unit in some recognized series, or to indicate whether the article 
is an abstract (A^, a letter to the editor (L), or a review (K) In such 
cases, this parenthetical information is enclosed in parentheses and placed 
after the final page number of the article, the letters A. L, and R being 
used as here indicated. 

The year given in a reference is generally that given on the title page 
of the volume containing the paper referred to If the title page indicates 
that the volume covers portions of two or more years, then the last of 
those years is the one generally given Some such rigid rule is necessary 
if simplicity is to be secured, for the covers of some reprints have a date 
that is incompatible with the dates on the title page of the volume contain- 
ing the article in question For example, the title page of volume 70 of 
the Proceedings of the American Academy of Arts and Sciences states 
that it covers from May 1934 to May 1935, and it carries 1936 as the 
date of publication To the nine papers that it contains are attached the 
following dates ; 


Paper Received 

1 October 1, 1934 

2 October 8, 1934 

3 December 14, 1934 

4 February 4 1935 

5 May 9, 1935 

6 Auprust 6. 1935 

7 October IS 1935 

8 December 3, 1935 

9 December 12, 1935 


Presented 

October 10, 1934 
February 13, 19.35 
December 12, 1934 
February 13, 1935 
March 13, 1935 
March 13. 1935 
October 9, 1935 
December 11, 1935 
December 11, 1935 


Cover date 

March, 1935 
March, 1935 
April, 1935 
May, 1935 
August, 1935 
December, 1935 
December, 1935 
February, 1936 
February, 1936 
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A reference to any paper in that volume will in the present compilation 
be dated 1935. 


2. Symbols, Units, and Equivalents 

To facilitate the use of this volume, the symbols used in any major 
section have usually been defined therein, the exceptions being mainly the 
well-standardized symbols, including those of the units These and a few 
others that may be unfamiliar to some have been assembled in Table 1, 
where certain of them are defined, and some numerical values and con- 
version factors are given. Of the symbols for units, however, only the 
simpler are included, from wliich the more complicated may be constructed 
in the well-known manner described in a following paragraph. Many of 
the symbols, other than those for units, are occasionally used with other 
meanings, but the context, and especially the definitions in the accompany- 
ing text, will enable the user to determine the proper interpretation in 
each case. 

Italics. 

In accordance with the established custom of the English language, 
English letters used out of character, that is, in senses different from those 
ascribed to them m usual English script, are printed in distinctive type, in 
italics if the context is roman, and conversely. Those used in character 
may also be printed in distinctive type for very special purposes. Excep- 
tions occur, which are usually in the direction that leads to conformity with 
other members of the group of related symbols. 

Of the abbreviating symbols used m this compilation, true abbreviations 
and the symbols for the units of measure, for the chemical elements, and for 
the names of mathematical functions are printed in roman; most of the 
others are printed in italics, the letters composing them beirg obviously used 
out of character. 

S 3 nnbols of Units. 

Symbols of units are printed in Greek or Roman letters, never in italics, 
and generally do not end with a period, the principal exceptions to the last 
being the symbols for the British units (in., ft., lb, etc.), and the period 
is not always used with them. In writing the synthetic symbol for a derived 
unit, the symbols of the units that form a product are separated by a period 
without additional space (gem) ; those that form a ratio or a quotient are 

either combined as a fraction (^) or separated by the shilling mark 

(cm/sec) or the symbols in the divisor are w’ritten w'ith negative expo- 
nents and separated from those of the dividend by a period without addi- 
tional space (crnsec"^, gcra-sec"“). In all such cases any period that 
might otherwise form part of the s)mibol of an individual unit is omitted, 
thus avoiding a duplication of the period in the interior ; the final period 
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is unnecessary, as the resulting combination is of a type that is never used 
except as a symbol for a unit. The periods indicating multiplication are 
placed above the line. 

The elements of the symbol of a unit designated by a compound name 
in which the elements of the compound are not to be understood as being 
combined by processes analogous to multiplication and division, are con- 
nected by a hyphen (ft-c = foot-candle, mm-Hg = millimeter of mercury). 

In general, the same form of symbol (the singular) is used whatever 
the magnitude of the numeral to which it is attached. When convenient, the 
symbol is preceded, without spacing, by an integral power of ten (positive 
or negative), to indicate that the umt used is so related to that designated 
by the unmodified symbol (29986 10*®cm/sec = 2.9986 X 10^® cm/sec). 

Prefixes. 

The following metric prefix symbols and prefixes are used, each indi- 
cating that the ratio of the unit to that corresponding to the symbol or 
name to which the prefix is attached is that shown by the corresponding 
number, e g., 1 microgram = 0 000 001 g, 1 kilogram = 1000 g 

/»- = micro- = 0.000001, m- = milH- = 0.001, c- = centi- = 001, 
k- = kilo- = 1000, mega- = 1 000 000. There is no generally accepted 
single-character symbol for mega. (A capital M is sometimes used, but 
that may be misread for the commonly used Roman numeral for 1000; the 
Roman symbol (M) for a million seems to be more appropriate.) Each 
of these symbols has always the significance here given, m- never stands 
for either micro- or mega-, but solely for milh-. The final vowel of the 
prefix is dropped from mega- and from micro- when the next letter is a 
vowel. 

These prefixes are combined, one to another, as need be, the one nearer 
to unity preceding the other (ni/u- = millimicro- = 10'®; kmega- = kilo- 
mega- = 10®) never the other way round. Either singly or combined 
they may be directly attached to any unit of, or based upon, the metric 
system. 

Systems of Units. 

The normal system of units based upon the centimeter, the gram (unit 
of mass), and the second, and commonly designated as the cgs system, is 
generally used; but the practical absolute electrical units, i.e , ohm = 10® 
cgsm, ampere = 01 cgsm, volt = 10® cgsm, joule = 10^ cgsm = 10'^ ergs, 
watt = 10'^ erg/sec, and their inteniational counterparts are also used; and 
occasionally the British units (ft , lb, etc,). 

The cgs electrostatic system of units is denoted by the symbol cgse ; the 
electromagnetic, by cgsm. The same three symbols may be used to denote 
the appropriate unit in the corresponding system, whatever the nature of 
that unit, as cgsm is used in the preceding paragraph. 
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As the names of the several international electrical units are the same as 
those of their counterparts in the practical absolute system, it is occasionally 
necessary to distinguish between the two In such cases, the qualifier 
“(Int )” accompanies the symbol for the unit when that must be interpreted 
as the international unit. If this qualifier does not appear, the unit is tlie 
absolute one, or the number to which the symbol is attached is not known 
with sufficient accuracy to justify making a distinction between the two It 
is only with respect to the joule that it is ever necessary to make the 
distinction in this compilation 

It must be remembered that the international joule used in experimental 
work IS defined in terms of the international ohm and the international 
volt, and that the certification of resistances and of standard cells is always 
in terms of the concrete standards of the certifying laboratory ; those stand- 
ards define the international units for that laboratory. The amount of 
energy corresponding to the international joule as defined by such labora- 
tory units of resistance and voltage has varied from laboratory to laboratory, 
and from time to time, the variation steadily decreasing as the concrete 
standards have been improved in permanence and in reproducibility. But 
even as late as 1931 it was very significant At that time the international 
joule of Great Britain, as defined by the ohm and the volt, was greater than 
those of Germany, France, and this Bureau, the differences being, respec- 
tively, 1 91, 1 98, and 0 62 parts in 10 000 (hundredths of a per cent).^ 
Since that comparison, some of the rational laboratories have revised the 
values assigned to their concrete standards; and now (1938) the discrepan- 
cies between the values of the international joules of the several countries 
amount to no more than 3 or 4 parts in 100 000 (3 or 4 thousandths of a 
per cent). It is confidently expected that with the present arrangements 
for systematic intercomparisons and the use of the better standards now 
available, the discrepancies will be kept continuously well below those exist- 
ing in 1931. At present (1938). the international joule as defined by the 
standards of the National Bureau of Standards lies between 1.0002 and 
1 0003 absolute joules, and is probably nearer the lower value. 

From this discussion it is obvious that when one has to do with an 
accuracy of a hundredth of a per cent, or higher, it is impossible to translate 
observations expressed in international joules into absolute joules without 
loss of accuracy, unless one knows what particular international joule was 
used, and how it is related to those for which comparisons with the absolute 
joule have been made This is true irrespective of the accuracy of the 
absolute measurements. 

For this reason the compiler has not attempted to convert reported data 
from one of these joules to the other, unless the author himself has given 
the conversion factor that he believed to apply. 

‘Vinal, G W, Bur Stand J Res , S, 729-749 {RP448) (1932) 



6 


PROPERTIES OF ORDINARY WATER-SUBSTANCE 


Conversion Factors. 

Such conversion factors as seem appropriate are given immediately 
above the numerical data in each table, in the following form: Unit of 
P = 1 kg*/cm* = 0.967841 atm = 735 559 mm-Hg = 0.980665 bar. This 
indicates that a number, say a, standing in the P-column, represents a 
pressure of a kg*/cm^, of 0 967841a atm, of 735 559a mm-Hg, of 0 980665a 
bars, all of which pressures are equal, one to another. 

Table 1. — Symbols, Units, and Equivalents 

With a few exceptions, this table contains only the simple units of 
measure appearing frequently in this compilation, certain well-standardized 
symbols that are not always defined in the accompanying text, and some 
symbols and names that may be unfamiliar to the user, and none of the 
well-known mathematical symbols. Some of these symbols, other than 
those for the units, are sometimes used in ways not indicated here; those 
uses are sufficiently explained where they occur The synthetic symbols 
for the derived units of measure are formed from the simple ones in the 
well-known way already described. 

In the first column are given alphabetically the abbreviating symbols and 
the names of those units for which there are no such symbols In the second 
are given the names of the units or other quantities corresponding to the 
symbols, and the definitions and equivalents of the units, or as much of 
this as seems desirable. 

Greek symbols are given at the end of the table. 

A Angstrom, a unit of length; lA = lO® cm = 0 1 m/i 

A A pressure equal to 1 atm, its numerical value depends upon 

the unit of pressure. 

atm Normal atmosphere, a unit of pressure , 1 atm = 1 01325 mega- 

dynes/cm® = 1 03323 kg*/cm® = 1 01325 bars Note: In 
Germany, "at” is frequently used to denote a pressure of 
1 kg*/cm® = 0 96784 atm 

bar Bar, a unit of pressure; 1 bar = 1 megad)me/cm®. 

°C Degree centigrade. The degree interval on the scale of the 

centigrade thermometer, on which the normal melting point 
of ice IS called 0, and the normal boiling point of water is 
called 100. Unless something else is clearly indicated, the 
intervals are to be counted from that zero 
c- Centi-, a prefix meaning 1/100. 

Cp Specific heat at constant pressure. 

Cp Specific heat at constant volume 

cal Gram calorie, a unit of heat Unless another value is specified, 

it is assumed that 1 cal = 4 185 joules, 
calls 15“-calorie. Similarly for cal 2 o, cal»,. See Section 33. 
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Table 1 — (Continued) 

cgs A symtx}! used to designate either the system of normal umts 

based up the centimeter, the gram (unit of mass), and the 
second, or a unit of that system. 

cgse A symbol for any umt of the cgs electrostatic system, and for 

the system itself. 

cgsm A symbol analogous to cgse, referring to the cgs electromag- 

netic units and system. 

cm Centimeter, a unit of length ; 1 cm = 0.01 m = 0.032808 ft. 

cm-Hg Centimeter of mercury, a unit of pressure ; 1 cm-Hg = 13.3322 

kilodynes/cm^ = 13.3322 millibars. By definition, 1 cm-Hg 
IS the pressure exerted by a vertical column of mercury 1 cm 
long, at a place where the acceleration of gravity is 980.665 
cm/sec^ and when the density of the mercury is 13.5951 
g/cm^ and either the free surface of the column is flat or a 
proper correction has been made for the effect of its curva- 
ture. 

d Density ; seldom used. Also, derivative. 

dyne The cgs umt of force, the force that will give to a mass of one 

gram an acceleration of 1 cni/sec®. 

E Internal or intrinsic energy of a substance or system. 

e The number 2.71828..., the base of the natural system of 

logarithms. 

erg The cgs unit of work and energy ; the work done by a constant 

force of one dyne wlule the point of application of the force 
moves one centimeter in the direction in which the force acts ; 
1 erg = 1 cm dyne. 

“F Degree Fahrenheit. The degree interval on Ihe scale of the 

Fahrenheit thermometer, on which the normal melting point 
of ice is marked 32, and the normal boiling point of water 
is marked 212. Uriless something else is clearly indicated, 
the intervals are to be counted from the origin defined by 
these numbers. 

ft. Foot, unit of length ; 1 ft = 30 480 cm. 

g The acceleration of gravity. By international agreement all 

data involving the value of g are to be reduced to the basis 
of ^ = 980.665 cm/sec® = 32.1740 ft/sec®, which is called 
the “normal” value of g. 

g Gram, a unit of mass , 1 g = 0.0022046 lb (avdp ) 

g* Gram weight, a unit of force ; the weight of a mass of 1 g at a 

place where g = 980 665 cm/sec® ; 1 g* = 980.665 dynes. 

gfw Gram formula weight, a unit of mass ; as many grams as there 
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Table 1 — (Contmued) 

are units in the formula weight. In any specific case the 
pertinent formula should be clearly indicated. 
gfw-IIaO Gram formula weight of H 2 O; 1 gfw-H20 = 18.0154 grams of 
the water-substance. 

g-niole Gram mole, a unit of mass ; as many grams as there are units 
in the molecular waght. 

H Enthalpy , heat content , total heat. AH = A(£ + where 

A means “the increase of,” p = pressure, v = volume, 
E = intrinsic energy. In the case of the water-substance, 
H IS commonly used to denote the value of A// in going from 
saturated water (liquid) at 0 °C to the indicated state. 
k Planck’s constant of action; 10” A = 6.56 erg-sec. 

in. Inch, a unit of length ; 1 in. = 2.5400 cm. 

(Int ) International. (Int.) accompanies the symbols for units 
belonging to the international electrical system, 
j Joule, a unit of energy , 1 j = 10^ ergs = 10 megergs. 

“K Degree Kelvin. The degiee interval on that thermodynamic 

scale of temperature which has 100 degrees between 0 “C and 
100 °C. Unless something else is clearly indicated, the inter- 
vals are to be counted from the absolute zero, which in this 
compilation is assumed to be 273.1 °K below 0 ®C, unless 
another value is definitely specified, cf. Table 266 
k Boltzmann’s constant; molecular gas-constant. 

k^R/N = 1.372 10'*® erg/°K per moleaile. 
k- Kilo-, a prefix meaning 1000. 

kc Kilocycle = 1000 cycles, 

kg Kilogram ; 1 kg = 1000 g. 

kg* Kilogram weight ; 1 kg* = 1000 g* = 980665 dynes 

kj Kilojoule ; 1 kj = 1000 j. 

km Kilometer , 1 km = 1000 m. 

1 Liter, a unit of volume ,1 1 = 1000 027 cm®, 

lb Pound , a unit of mass ; 1 lb = 453 59243 g 

lb* Pound weight, a unit of force The weight of a mass of 1 lb 

at a place where g = 980 665 cm/sec® ; 1 lb* = 0.44482 

megadyne. 

(lb* in®) I, A pressure of one pound per square inch at a place (London) 
where the acceleration of gravity is 981.16 cm/sec®; 
1 (lb*/in®)i, = 1.000505 lb*/in® = 68982 millibars, 
log. Logarithm to the base e , natural logarithm. 

Logger = 2.302585 logio.r. 

logio Logarithm to the base 10; common logarithm. 
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M 

in 

m- 

tn 

niega- 

nig 

nig* 

inicro- 

micron 

ml 

mm 

mm-Hg 

ms 

ni/*- 

m/x 

N 

P.P 

P 

poise 


R 

radian 

r ni s 

sat 

steradian 


T 

t 


Table 1 — (Continued) 

Molecular weight. For H 2 O, M = 18.0154. 

Mass. 

Milli-, a prefix meaning 1/1000. 

Meter, a unit of length ; 1 ni = 100 cm = 3.2808 ft. 

A prefix meaning 1 000 000. 

Milligram ; 1 mg = 0 001 g. 

Milligram weight, a unit of force ; 1 mg* = 0 001 g*. 

A prefix meaning 1/1 000 000 

A unit of length (see /x). 

Milliliter; 1 ml = 0.001 1 = 1 000 027 cm’ 

Millimeter; 1 mm = 0001 m = 0.1 cm. 

Millimeter of mercury, a unit of pressure (see cm-Hg) ; 
1 mm-Hg = 01 cm-Hg = 1 33322 millibars. 

Millisecond ; 1 ms = 0.001 sec. 

Milhmicro-, a prefix meaning 1/1 000 000 000. 

Millimicron , 1 m/x = 0001 /x = 10'® m = 10*’ cm = lOA. 

Avogadro’s number ; the number of molecules per gram-mole. 
IV = 6061 X 10“ 

Pressure. 

Poise , see below. 

The cgs unit of viscosity. It is the viscosity of a liquid which, 
when streaming lamellarly, exerts upon one side of an inter- 
nal layer parallel to the lamellas a drag of 1 dyne/cm® in the 
direction of the velocity v when the value of dvjdx at that 
side of the layer is 1 cm/sec per cm, dx being an element of 
the normal drawn outward from that side of the layer; 

1 poise = 1 g/cmsec = 1.0197 mg*sec/cm'* = 1 dyne-sec/cm®. 

The gas-constant. R = 8315 j/g-mole'’K. 

A unit of angle The angle of which the arc is equal to the 
radius ; 1 radian = 57° 17' 44.8". 

Root-mean-square The square root of the mean of the squares 
of the individual values of the quantity indicated. 

Saturated , at saturation. Used chiefly as a subscript. 

A unit of solid angle The solid angle subtended at the center 
by a spherical surface equal in area to the square of the 
radius of the sphere. The solid angle subtended at its center 
by a hemisphere is 2w steradians. 

Temperature, on the thermodynamic scale. 

Temperature, on the centigrade scale. Occasionally, time. 
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Table 1 — (Continued) 

ton A unit of mass ; 1 (short) ton = 2000 lb, 1 (long) ton = 2240 

lb. 

ton* Ton weight, a unit of force; 1 (short) ton* = 2000 lb*, 1 

(long) ton = 2240 lb*. 

V Volume. Velocity. 

V* Specific volume, the volume of a unit oi mass of the substance. 

IV Disposable energy. See Section 6. 

Y Ratio of the principal specific heats of a substance , y = Cp/Cv 

A A deviation or difference. Ajt = an increase in jt. 

S A deviation or difference, 

e Dielectric constant. 

Viscosity. 

K Magnetic susceptibility. Electrical conductivity. 

A Equivalent conductivity (electrical). 

A. Wave-length. 

/I Magnetic permeability. Joule-Thomson coefficient. Moment 

of a dipole. Coefficient of absorption. 
fi Micron, a unit of length ; 1 /* = 10-® m = 0.001 mm = 10 OOOA. 

fi- Micro-, a prefix meaning 1/1 000000. 

/li-Hg Micron of mercury, a unit of pressure ; 1 fi-Hg = 0.001 
mm-Hg. 

p Wave-number; v = 1/A. Number. Frequency. 

IT Pi, the ratio of the circumference of a circle to its diameter; 

«■ = 3.14159.... 

p Density. Depolarization factor. 

<r Density (seldom used). 

T Time. Transmissivity. 

X Specific susceptibility (magnetic). 

^ Cycle. 

~/sec Cycle per second. 



I. Synthesis and Dissociation 

I A. SYNTHESIS 

3. Union of Hydbogen and Oxygen 

The chemical reactions that occur in mixtures of hydrogen and oxygen, 
with or without the admixture of another gas . the way they vary with the 
temperature, pressure, illumination, and composition of the mixture; the 
ignition temperatures and explosion limits of such mixtures, and the 
way these vary with the size, form, and material of the containing vessel ; 
and all the other various phenomena associated with the reactions that 
occur in such mixtures • — all these he beyond the scope of this compilation, 
which in the field of the synthesis of water is limited to the stoichiometric 
composition of water, the heat of formation, and the maximum work that 
can be obtained from the reaction when it is carried out at constant pressure 
Those desiring information regarding the chemical reactions them- 
selves, the attendant phenomena, and the way they vary with the conditions 
are referred to the compilations by W. A Bone and D T A Townend,^ 
A Skrabal,® and C Wmther'* Those desiring more recent data, conclu- 
sions, and inferences can obtain from the papers listed in the aepompanying 
notes a general idea of the present status of the subject, and references 


1 Bone, W A , and Townend, D T A , Int Crtt Tables, 2, I72-IP5 (1927) 

»Skrabal, A, Idem, 7, 113-1 12 (1930) 

•Wmther, C, Idem, 7, 159-173 (1930) 

‘Alyea, H N , and Haher, F, F phvssk Chem . (B), 10, 193-204 (1930) 

® Andreew, K K, and Cbarjtan, J B, Trans Faraday Sac, 31, 797-8c4 (1935) 

• Bestchastny, A L , et al , Phvsik Z Sows , 5, 562-579 (1934) 

• Breton, J, .and Laffitte, P, Cotnpi rend 202, 316-318 (1936) 

•Chapman, D L, and Reynold?, P W, Free Bov Sac (London) (.A), 156, 284-306 (1916) 
•David, W T, Phd Man (7), 20, 65-68 (1935) Nature, 138, 930 (L) (1936), 139, 6 7 68 
(L) (1937) 


“Drop, J, Rcc Trov Chim Payr-Bas, 54, = (4), 16, 671-679 (1935) 
van Heininfren, J , Rtc Trav Chim Pavs-Bas, 55, 65-75, 85-100 (1936) 

!• Hm?helwood C N , rf el, Proc Boy Soc London, (/I), 118, 170-183 (1929), 122, 610-621 
(1929), 124, 219-227 (1929), 130, 640-654 (1931) 134, 1-7 (1931), 138, 51I-3I7 (1932), Ml, 

29-40 (1933) Trent Faraday Sac, 28, 184-191 (1932) Nature, 131, 361-362 (1913) Z Elek- 
troch, 42, 445-449 (1916) 

“ Hin?helwood, C N , and Williamson, A T, “The reaction between hydroRcn and oxygen," 
Oxford University Press, 1934 

“Josl, W, Z Flcktroch, 41, 183-194, 212-250 (1935), 42, 461-467 (1936) 
rs Lewis, B , and von Elbe, G , J CheffiV Phys , 2, 537 546 (1934), T Am Chem Soc , 59, 656- 
662 (1937), 59, 970-975 (1937) 

«Lindeijer, E W, Bee. Trav Chim Pays Bat, 56, 97-104, 105-118 (1937) 

"Maas, J H, and Ewing, C, J PhvsT Chem, 37, 11-15 (1913) 

“Malinowski, A E , and Skrvnniknw, K A, Phyttk Z Sowi , 7, 43-48 (1915) 

“Miyanishi M, Set Papers Inst Pkyt Chem Res (Tokyo), 26, 70-76 (1935), 27, 47-51, 52-58 
(1935) 

■>M61e, G., Proc. Phys Soc (London), 48, 857-864 (1916), 

••Poljakow, M, W, et dl., Acta Pkysteoehtm URSS, 1, 551-553, 817-820, 821-832 (1935), 
2, 211-214, 397-400 (1935). 
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to Other pertinent publications. The list does not pretend to include all 
the important papers, nor even all the most important ones, but only those 
which happen to be readily at hand. In certain cases of multiple authorship 
the references have been listed under the name of a single author, even 
though that name appears in some of the cases as junior author. 

4. The Composition of Water 

A review of the best work that has been done on the stoichiometric 
co.mposition of water has been written by J. R. Partington.®* He concluded 
that the ratio of the combining volumes at 0 °C and a pressure of 760 
mm-Hg is O 2 /H 2 = 1/2.00288 

If the atomic weight of H is 1 0077,** and that of O is 16 0000, the 
molecular weight of HjO is M = 18.0154. 

Natural water contains 1 Da to about 6500 Ha.*® 


5. Heat of Formation of H2O 

By the heat of formation (Qt.p)^ of a certain phase (tf>) of a substance 
at pressure P and absolute temperature T is meant the amount of heat 
evolved when one gram-formula-weight (gfw) of ^ at P and T is formed 
from its elements at T and the total pressure P. It is the decrease in the 
enthalpy {H — E + pv) at fixed T and P per gfw of the substance formed. 

Its value for any P and T within the domain in which the phase (p can 
exist can be determined from its value for one such pair of values by means 
of relation •(!) in which 8 may be computed by means of any one of the 
relations (2a), (2b), etc 


(Qr,p)0 = (Qt'p-)4> ~ ^ (O 

' (AC);..t/r+ [P(Av)r - - (AP)Hr (2a) 

/ T 

(AC)rdT + [P(Ar/),. - P'(Av)p-]t^ + [(AP)^ - (AP),..]t- (2b) 


T pP 

(AC)pdT-l [A(^C)]rrf/. (2c) 

“Prettre, M, anil Laflittc, P, Comft rend, 187, 763-765 (1928), 188, 397-399 (1929) 
“Prettre, M, Compt rend, IM, 1891-1893 (1933), 201, 962-964 (1935), 204, 1734-1736 (1937) 
J de Cktm Phvs , 33, 189-218 (1936) 

“Rodebuah, W H, et al, J Am. Cfiem Sec, 59, 1924-1931 (1937), I Phys'l Chem , 41, 
283-291 (1937) 

(B), 2, 161-168, 169-180 


" Sokolik, A , and Shtshulkin, K , Acta Phvniorhim URSS, 1, 311-317 (1934) 

“Tauam, P, Compt rend, 196, 160S 1607 (1933), 197, 1046-1049 (1933) 

■■Partington, J R, “The Compoaition of Water," 1928 
"Int. Crit. Tables, 7, 44 (1926) 

■■Hall. N F., and Tones, T 0,1 Am Chem Soc., 58, 1915-1919 (1936), and Gabbard, J. L, 
and Dole, U, Idem, 59, 18I-I8S (1937). 


* Semenoff, N. Z Phystk, 48, 571-582 (1928), Z phynk Chem 
(1929) (B). 28, 43-53, 54-64 (1935). Chem Rev, 6, 347-379 (1929) 

"Semenova, N, Aita Physicoehim VR9S, 6, 25-42 (1937). 
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(2d) 


Here, AC, Aw, and Afi denote, respectively, the increase in the specific heat 
at constant pressure, in the specific volume, and in the internal energy per 
unit mass, when the elements taken in the right proportions combine to 
form the substance, the pressure and temperature teing those indicated by 
the subscripts, and the unit of mass being in all cases that of one gfw of 
the substance formed; the Joule-Thomson coefficient y. is {IT /ip) a', P is 
a variable pressure; the a indicates that the change is adiabatic; and 
A(fiC) IS the excess of yC for <f> over that for the equivalent mixture of the 
uncombined elements. 

If 4> and all the elements involved may be regarded as ideal gases in the 
domain considered, then (AC)i> = (AC)p-, y = 0, and all except the first 

nT 

term in each expression for 8 is zero, giving 8 = / {^C)pdT. Also, if <f> is 

either a liquid or a solid, and is formed from gaseous elements, its volume 
will usually be negligible as compared with that of the gases from which it is 
formed, and then 8 again reduces to its first term if the gases are ideal 
and the changes in the volume and in the internal energy with the pressure 
are negligible for 

This simplification is frequently assumed, but it is valid only under the 
condition just stated. In many cases, especially when the pressure 
approaches or equals that of saturation of one of the substances, data are 
not available for determining the error so introduced. For water-vapor, 
there are no data for y in that region, and those in the region of superheat 
indicate that y increases rapidly as saturation is approached. 

If P and T arc such associated values that the phases ip and <p' are in 
equilibrium, and if Lrp is the latent (absorbed) heat per gfw on passing 
from 4>' to ^ at P and T, then (Qtp)^ = (Qtp),?’ — J-tp- 

From these relations it is possible to compute the heat of formation of 
any phase of a substance for any allowable P and T if the value of i Qtp) 
for any one phase and one set of values of P and T is known, together with 
the values of the required auxiliary quantities.®* 

Whenever the data in the following paragraphs are expressed in inter- 
national joules and are of such a precision as to justify a distinction 
between that unit and the absolute joule, the symbol "(Int,)” will precede 
the symbol for the unit. This symbol does not appear when the precision 
of the data is too low to justify any distinction between the units, or when 
the data are expressed in terms of the absolute unit; in either case, the 
unqualified symbol for the unit may properly be interpreted as indicating 
the absolute unit. 


■For a review of the avaHafale data, aee Bichowiky, F. R , ^ Ronini, F. D., "The Thermo- 
chemlitry of the Chemical Subttaoeei," New York, Rembold PoUiihing Corp, 1936. 
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Water-vapor: Heat of Formation. 

If the heat of formation of water may be regarded as independent of 
the pressure when that does not exceed one atmosphere, as is essentially 
true, then the heat of formation of water-vapor at 25 ®C and the pressure 
of water-vapor saturated at that temperature may be derived from Rossini’s 
value (p. 17) for the heat of formation of water (285.775 (Int ) kj/gfw 
= 285 890 kj/gfw at 25 °C and one atmosphere) and the latent heat of 
vaporization at 25 °C, 43 939 (Int.) kj/gfw = 43 956 kj/gfw.*® It is 


(02981.28 76 aim)ii= 241 84 (Int ) kj/gfw = 241 93 kj/gfw -HaO 
= 13.424 (Int.) kj/g = 13 429 kj/g 

With this value those given in Internattonal Critical Tables (2420 at 
18 °C and 241.8 at 25 °C *®) agree remarkably well. 

Bichowsky based his value on the sources from which he derived his 
value for the heat of formation of water (p 17), together with the sources 
given below,**"*^ which treat of the heat of vaporization. (From the way 
in which tliese references are given in the Critical Tables one might infer 
that the data m them were used alone, instead of m conjunction with those 
contained in the immediately preceding references for the formation of 
water.) 

Randall’s value was not derived from the data contained m the refer- 
ences heading the table in which it appears, but seems to have been arrived 
at in the following manner From the work of A. Schuller and V Wartha,^* 
of C von Than,^® and of J. Thomsen,^* G N Lewis deduced the value 
68470 cal/gfw for the lieat of formation of water at 0 °C and 1 atm, and 
from that the value 68270 cal/gfw at 25 °C From the work of T. W 
Richards and J. H Mathews,^® and of A. W Smith, G N Lewis and 
M. Randall^®-’’ chose 540 0 cal/g or 9730 cal/gfw as the value of the 
latent heat of vaporization of water at 0 °C, and from that obtained 10450 
cal/gfw at 25 °C. Whence the heat of formation of water-vapor is 57820 
cal/gfw at 25 °C and 1 atm. 


"Osborne, N S, Stimson, H F, and Fiock, E F, Bur Stand J Res, 5, 411-480 (SP209) 
(1930) 

•* Bichowsky, F R , Jnt. CrU Tables, S, 176 (1928) 

"Randall, M, Idem, 7, 231 (1930) 

" Carlton-Sutton, T, Proe Roy Soe (London) (A), 93t 155-176 (1917) 

"Griffiths, E H, Phil Trans (A), 186, 261-341 (1895). 

“Henning. F, Ann d Physik (4). 21, 849-878 (1906) i (4), 29, 441-465 (1909), (4), 58, 
759-760 (1919) 

“ Holborn, L, Scheel, K, and Henning, F, **Warmetabe]]en," Vieweg, Braunschweig, 1919 
“Richards, T W, .ind Mathews, J 11, Proc Am Arad, Arts Set, 46, 511-538 (1911) 
= J Am Chem Soe, 33, 863-888 (1911) 

“Smith, A W, Phys Rev, 33, 173-183 (1911) 

“Schuller, A, and Wartha, V, Ann d Physik (Wted ), 2, 359-383 (1877). 

“von Than, C, Idem, 13, 84-105 (1881) 

“Thomsen, J, Idem, (Pogg), 148, 368-404 (1873) 

“Lewis, C J. Am Chem Soe, 28, 1380-1395 (1906). 
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Lewis and Randall ® state that this calorie is equivalent to 4.182 
X 10'^ ergs, and Randall states that it is equivalent to 4.182 joules Eadi 
statement implies that this calorie is to be regarded as equivalent to 4.182 
absolute joules; and that interpretation is borne out by A. W. Smith’s 
article to which they refer. They have essentially followed Smith, who 
averaged the result obtained from the absolute (mechanical) determination 
by O. Reynolds and W. H. Moorby*® with that from the electrical deter- 
mination by H. T. Barnes^* as converted to the basis of the 1911 inter- 
national joule This procedure tacitly assumes that the international joule 
of 1911 is essentially identical with the absolute joule, and that the average 
so obtained may be regarded, as it is by Smith, as the value of the calorie 
m terms of the absolute joule. 

If the value 4 182 given by Lewis and Randall is used as the conversion 
factor, 57280 cal/gfw becomes 241 8 kj/gfw. the value given by Randall 
(see p. 14) But Lewis and Randall p state that their unit is the 
15“-calorie, which is actually close to 4185 joules, making 57280 cal/gfw 
= 242 0 kj/gfw. Which of these two is to be preferred, and what impor- 
tance is to be attached to the digit following the decimal point can be deter- 
mined only by a detailed study of every constituent that enters into the 
value 57280 cal/gfw For those constituents that rest upon a direct deter- 
mination in terms of the 15°-calorie, the factor 4185 is to be preferred; 
whereas a determination of the proper factor, or factors, to be used for those 
constituents that rest upon electrical measurements requires a knowledge 
both of the exact value of each of the units actually employed in the measure- 
ments, and of the numerical factor by means of which the data were con- 
verted to calories Each of these may differ from observer to observer. 
Such detailed study has not been attempted by the present compiler 

M. Randall®” accepts formulas (3) as satisfactory representations of 
the molecular specific heats, the unit being 4 182 joule/gfw H 2 O 


(C,)h, = 65 -f- 000097 

(3o) 

(C,)o, = 65 4-000107 

m 

(C,)h,o = 881 - 000197 4- 0000002227* 

(Sc) 


Whence, 


ACs (C,)h->- [(C,)hi + 05«:,)oi] = -094-00033T+000000222T* 
= - 3931 - 001387 + 0 00000928.7* ioule/gfw-H.O 


Accepting this as a satisfactory expresssion of AC when P is the pressure 
of water-vapor saturated at 25 °C, formula (4) is obtained : 

(Qt). = (Q«0f - 1.703 + 0393108(7/100) + 0069003(7/100)* - 

0,00309468(7/100)* kj/gfw (4) 


" RaadaU, M , Int Cm. Tables, 7, 226 (1930) 

" Re7noId4, O , and Moorby. W, H , fhl Trans M). 190, 301-422 (1897) 

•Barnea, H. T. Idem, 199, 149-263 (1902); Prae. Say. See (London) (A), 82, 390-395 
(1909) 

••Kaodall, M, Int Cm Tables. 7, 231 (1930) 
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Taking (Q 2 »Bi)r = 241 930 kj'/gfw, this becomes 

(Qt), = 240 227 + 0.393108(T/100) + 0 069003(7'/! 00)* - 

000309468(r/100)*kj/gfw (5) 

= 241.75 + 0 7007S8(//100) + 0.0436485(//100)* - 

0.003094680/100)' kj/gfw 05) 

the temperature being / °C = (273.1 + t) °K = T °K. These apply 
directly to a pressure of 23 76 mm-Hg, but insofar as all three gases may 
be regarded as ideal they apply to any pressure at which water-vapor can 
exist at 1 “C and the formulas for the specific heats remain valid. 

Likewise, accepting Rossini's value for the heat of formation of water 
at 25 “C, but using formulas (7) for the specific heats and a lower value 


Table 2. — Heat of Formation of Water-vapor 

(Qt)^ = (Qrp)f = heat evolved in the formation of 1 gfw-HoO of 
vapor at temperature T °K and pressure P from Hg and O 2 at the same 
total pressure (P) and temperature; (qT)g = ( 0j’);,/ 18.01S4 = heat of 
formation of 1 g H2O, (Qt)» = (Q2tsi)(» + AQ. 

With the exception of the last column, the tabular values are based on 
(Qaosi)® = 241 93 kj/gfw and the values of the specific heat accepted by 
Randall (see text) ; the values in the last column have been computed by 
equation (8), (Chipman). 

The values apply only to those pressures at which water-vapor can 
exist at the temperature considered, and at which the formula for A(7 is 
valid. 



Unit of Q and 

dO = 1 of V =1 

Icj/lf Temp 

= ^*C 



f ~ • 

Kandall 

— 

Chtpoian 

1 

T 

(Of), 

(9,), 

AO 

(OP, 

0 

2731 

241 75 

13 419 

000 

24196 

IS 

2881 

24186* 

13425 

oil 

24211 

18 

291 1 

24188 

13 426 

013 

24213 

20 

293 1 

24189 

13 427 

014 

24216 

25 

2981 

241 93* 

13 429 

018 

24220 

SO 

3231 

24211 

13 439 

036 

24244 

100 

3731 

24249 

13460 

074 

24291 

200 

473 1 

243 30 

13 505 

155 

243 80 

300 

573 1 

24416 

13 553 

241 

244 62 

500 

7731 

245 96 

• 13 653 

421 

246 07 

1000 

12731 

25003 

13 879 

828 

248 61 

1500 

17731 

25164 

13 968 

989 

249 59 

2000 

2273 1 

248 47 

13 792 

672 

24899 

2500 

2773 1 

23820 

13 222 

-3 55 

(246 83) 

3000 

32731 

218 50 

12129 

-2325 

(243 09) 


“AD Crow and W E Grimsliaw“ state that the value S8 _kcal/gfw (—2427 
kj/gfw) at 15 “C is accepted by the Research Department, Woolwich, England 

*W F Giauque and M. F Ashley" derive the value 57823 kcal/g^w (=24199 
kj/gfw) at 25° C 


n Cliipman, J , InJ Eng Chem , 24, 1013-1017 (1932) 

“Crow, A D, and Gnmahaw, W E, PM Trgnt (A), 230, 39-73 (1931) 
«• Giauque, W. F., and AiUey, M F., Phyt Rev (2). 43, 81-82 (W (1933) 
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(43.70 kj/gfw) for the latent heat of vaporization, J. Chipman obtained 
an expression equivalent to (8). 


(C,)b, = 6 70 + 0 00077- cal/gfw (7o) 

(C,)o, = 6 SO + 0 00107- cal/gfw (76) 

(C,) B .0 = 7 20 + 0 00277- cal/gfw (7f ) 

AC = - 2 75 + 0 OOlSr cal/gfw = - 11 509 + 0 006287- j/gfw 
(Qt), = 239 05 + 1 1S1(T/100) - 0 03139 (7-/100)* kj/gfw 

= 241 959 + 0 9795(//100) - 0 03139(f/100)* kj/gfw (8) 


valid for the range 300 < T < 2300 ®K. 

Values computed by each of these formulas ( 6 , 8 ) are given in Table 2 

Water: Heat of Formation. 

The heat evolved in the formation of one gfw (18.0156 g)* of (liquid) 
water at 25 °C and 1 atm (^A) from Ha and Oa at the same temperature 
and total pressure has been found by F D Rossini to be 

(Q 298 i.a)» = 285 775 ± 0.040 (Int ) kj = 285 890 kj f 
= 15.8626 (Int ) kj/g = 15 8690 kj/g 

This IS believed to be the best value at present available. 

To the same heat of formation, F R. Bichowsky has assigned the 
value 286 2 kj/gfw at 18 °C, based upon the work of various experiment- 
ers and M Randall the values 285 5 kj/gfw at 25 °C, 285 8 at 18 °C, 
and 286 3 at 0 °C. The sources upon which Randall’s values rest have 
already been given (p 14). 

So far as H 2 and O 2 may be considered ideal and both the compressi- 
bility and the variation of the internal energy of water may be ignored, this 
same value will hold good for any pressure at which water can exist as a 

♦ This is the value used by Rossini . it is 0 0002 g greater than that given in the 
Critical Tables and generally used in this compilation 

t This is negligibly affected by an error in reduction, the corrected value being 
285 782 (Int) kj=285 897 kj [Rossini, F D, Bur. Stand. J. Res, 7, 329-330 
(RP343) (1931)] 

“Rossini, F D, Bur Stand J Ret, 6, 1-15 (RP259) (1931) -> Pror. Nat Aead 5ci , 16, 
694-699 (1930) -♦ Science, (W.S ) 72, 378 (1910) 

“ Bichowsky, F. R , Int Crtt. Tablet, 5, 176 (1929) 

“Abna, Compt rend, 22, 372-373 (1846). 

"Andrews, T, PM Mat (3), 32, 321-339 (1848). 

" Berthelot, M, Ann de Ckim et phyt (5), 23, 176-187 (1881) 

“ Berthelot, M., and Matignon, C, Idem (6), 30, 547-565 (1893) 

“Despretz, C, Idem (2), 37, 180-181 (1828) 

“ Dulong, Compt rend , 7, 871-877 (1838) 

“ Favre, P A, and Silbcrmann, J T, Ann de chim et phyt, (3), 34, 357 450 (1852) 

*> Grassi, C , J pharm et chtm (3), 8, 170-181 (1845) 

“ Mixter, W G., Amer J Sci. 14), 16, 214-228 (1903) 

® Rumdin, G, Z phytik, Chcm , 58, 449-466 (1907). 

“Schuller, A, and Wartha, V. Ann d Phynk (Wted ), 2, 359-183 (1877) 

«von Than, C, Ber deut ckem. Get, 10, 947-952 (1877): Ann d Phytik (Wied ), 13, 
84-105 (1881) 

“ Thomsen, J , “Systematisic gennemforte termokemiske undersogelsers numeriske og teortiske 
resultater ” 1882-1886 
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liquid at 25 “C, and the value at any other temperature and pressure may be 
determined by means of the relation (Qrp)w = ( (3298.1,^ ) w “ / (AC')tcdT', 

•' 298 1 

the pressure being not less than that of water-vapor saturated at T °K. 

No entirely satisfactory formulation for the specific heat of water at con- 
stant pressure is available, but for temperatures between 0 and 100 “C its 
variation is so slight (maximum 1803, minimum 1801 cal/gfw°C) that 
the error introduced by regarding it as constant and equal to 1802 may, 
for our present purposes, be ignored By combining this expression with 
those for the specific heat of the gases (3) one obtains the expression 
(AC)„ - 827 - 0.0014T cal/gfw°K = 34 58 - 000585T j/gfw-‘’K, the 
calorie being here taken as equivalent to 4 182 j (p 15). In his compilation 
M. Randall has taken (aC)„ =80 cal/gfw “K = 33 45 j/gfw °K, inde- 
pendent of T The first is to he preferred; it leads to the relation (Qrp)® 
- 0298 1 ^)» 4- 0823 - 3 298(t/100) + 0 0292(</100)2 kj/gfw, which 
becomes (Qrp)u, = 286 713 - 3 298(#/100) + 0 0292(//100)* kj/gfw-HoO 
when ( QgoH i h)w = 2SS 890 Values computed by means of that formula 
are given in Table 3 Under the same conditions, Randall’s expression for 
(AC)„ leads to (Qtp)u, = 286 726 - 3 346(t/100) kj/gfw 

Table 3. — Heat of Formation of Water 

(Qtp)v> = heat evolved in the formation of 1 gfw-H 20 of liquid at the 
temperature t and pressure P from H 2 and O 2 at the same temperature t 
and total pressure P. The pressure P may have any value at which water 
can exist as a liquid at temperature t. 

These values have been computed by means of the more exact formula 
involving the square of f; by adding to each the associated 8, the corre- 
sponding value defined by the formula based on Randall’s approximate 
value for (AC)„ will be obtained. 



Unit of (QTr)w 

and of 8 = 

1 kj/gfw-HjO 

Temp •= t “C, 


t 

(Orpl « 

« 

t 

(Orpl w 

8 

0 

286713 

0013 

30 

285.726 

-0003 

10 

286 383 

0009 

40 

285398 

-0.010 

15 

286.219* 

0006 

50 

285.071 

-0.018 

18 

286120 

0004 

60 

284744 

-0026 

20 

286 054 

0003 

80 

284093 

-0043 

25 

285890 

0 

100 

283444 

-0064 


* A D Crow and W. E. Grimshaw" have stated that the value at IS *C acented 
by the Research Department, Woolwich, England, is 68 4 kcal/g^w ( = 286 25 kj/gfw) 


Ice: Heat of Formation. 

From Rossini’s value for the heat of formation of water (p 17), the 
excess (082 kj/gfw, Table 3) of the heat of formation of water at 0°C 

* Randall, M , l%t Cm Tables, 7, 232 C1930}, the eorlficient of T log T m the expresaion 
u the aecond line under H|O(0 at top of the page. 
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over that at 25 °C, and the latent heat of fusion of ice (0 3336 X 18.0154 
= 601 kj/gfw. Table 272), it follows that the heat evolved m the; forma- 
tion of one gfw-H20 of ice at 0 °C and one atmosphere, from gaseous H 2 
and O 2 at the same temperature and pressure, is 

(Qm i.a)i = 292 72 kjVgfw-HaO 
= 16248kj/g 

All of this refers to ice-I, the usual type that melts at 0 °C under a 
pressure of one atmosphere 

Insofar as H 2 and O 2 may be considered ideal, and both the compressi- 
bility and the variation of the internal energy of ice-I may be ignored, this 
same value will hold for any pressure under which ice-I can exist at 0 “C ; 
and the value at any other temperature and pressure may be determined 

Z T 

(^AC)idT, but only within the 
3 1 

domain in which ice-I can exist and within which the limitations just 
imposed are fulfilled. 

Combining the expression (0 5057 + 0 001 863f calzo/g-^C) found by 
H C Dickinson and N S. Osborne for the specific heat of ice with those 
(p 15) for the specific heats of H 2 and O 2 , one obtains (AC)i = — 4 282 + 
0 1320/ j/gfw °C = - 0 040331 + 001320(r/100) kj/gfw “K. Whence, 
(QTp)t= (Q 273 i,.i)<+-0 4282(//100) — 0 660(//100)® kj-gfw, which yields 
the following tabulated values when 1,^)1 = 292 72 kj/gfw-H20. In 
the range 0 to — 40°C those values are only 001 j/gfw smaller than the 
corresponding ones based on the value of (aC')< given m M. Randall’s com- 
pilation;’^^ ziiz., 

(aC)i = (aC),„ + (AC),o->i = (+80 - 911 + 0 0336/)4.182 
= - 4.642 -t- 0 1405/ j/gfw-'>C. 

t 0 - 10 - 20 - 30 - 40 'C 

(Qtp)i 292 72 292 67 292 61 292 53 292 44 kj/gfw-IM) 

6. Disposable Energy of Formation of H 2 O 
AT Constant Pressure 

Of the greatest amount (Wtp + PAv) of external work that can be 
obtained from a process in which the final total pressure and temperature 
are the same as the initial ones, and the final volume exceeds the initial by 
the amount Av, the amount Wtp is related to the corresponding heat evo- 
lution (Qtp) of the process as indicated by the relation {d/dT){WTp/T) = 
— QtpIT^- But of the total energy available under the best conditions 
within the stated limitations the amount PAv has to be expended in over- 

n Dickinson, H. C., and Osborne, N. S , Bull. Bur Stand., 12, 49-81 (SP248) (1915) 
n Randall, M, Ini. Crxt TM*t. 7, 232, 1930, H^H) and H,0(1) = H,0(i). 
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coming the pressure, thus leaving only Wtp disposable for other work. 
For this reason, Wtp is sometimes called the technical work, or the tech- 
nical energy, freed by the process; here it will be called the disposable 
energy. It is the decrement of the quantity (E -b Pv — TS) that was 
denoted by C in Gibbs’ papers, and that has been called the thermodynamic 
potential at constant pressure, the free energy at constant pressure, and the 
Gibbs function, but is called by G. N. Lewis and M. Randall simply the 
free energy, which term had already been used by Helmholtz and others to 
denote the quantity (E — TS). Here, E denotes the internal energy, S the 
entropy, and F, v, and T denote the pressure, volume, and absolute temper- 
ature, respectively. 


It may readily be shown that Wtp 


= Wtp, 

•'p. 


(\v)Tdp. 


If each 


of the substances involved in the process is either an ideal gas or one 
having a volume that is negligible as compared with Sv, then Ad = 
{^n)RT/P, where Am is the increase in the number of molecules of the 
gaseous substances pei gfw of the compound formed, and Wtp = Wtp, — 
(AM)F7'log»(F/Pi). It IS convenient, and a common practice, to split 
the logarithm into two parts, log(F/Pi) = log(^/Pi) + log(P/.^), 
A denoting the pressure of one normal atmosphere, and to tabulate 
Wtpx — {S.n)RT \ogei.A/P\) instead of Wtp, the latter being given 
by the relation Wtp = zv — (An)RTloge(P/A). If the assumed phases 
with which we are concerned can exist under the pressure A when at the 
temperature T, then w is the value of Wtp at the pressure of one normal 
atmosphere ; otherwise, as in the case of water-vapor at temperatures below 
100 °C, «; is a purely fictitious quantity, t e , it is merely the numerical 
value obtained by adding to Wtp the numerical value of the quantity 
(An)RT Ioge(P/A). The somewhat common practice of stating without 
reservation that w is the value of Wtp at one atmosphere is undesirable 
If QtiPi and Wtip, are, respectively, the heat of formation and the 
disposable energy corresponding to Ti and Pi, and if AC = a H- biT -b 
-b . . . bnT", then the value of W at the same pressure (Pi) and any 
temperature (T) within the allowable range is given by expression (9), 


Wtp, = Qt,p, - - Wt,p,) (.T/'I,) + K - BT + fCD + 

a{riog.(r//',) - (r - ro} (9) 

where 

K = ib,T,^ + + + - — bnT," * ’ 

w + 1 

5 = ^iT'i + + i/'iT’i* + , H — bnTi^ 

n 

/( T) = IbrT + ift.T’ + A&.r* + . . + b,T^*' 

n(n + 1) 
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If (T— Ti) is small, then {riog,(T‘/ri) — (T — Ti)} is small also, 
being equal to 





Whenever Aw = {^n)RT/P, the value of W for any associated temper- 
ture (T) and pressure (P) within the allowable range is given by the 
expression Wtp = Wtp^ - {Ln)RT\og,{A/Py) - {Ln)RT\og,{P/A), 
which is equivalent to ( 10 ), a form more convenient for computation. 


w here 


IV IP — WiiPi — CAH)RTclogt(A/Pi) + aTaIog,(To/Ti) + t{<i + 
(QiiPi — IVi, ri)/T,} + V(iDi + IDtr + . -t — 

It + I 

lVT,Pi)/Ti + (An)R log.(A/Pi) — alog,(To/Ti) + 

t(Di + iDsT + . + “ 1- + o7'« f log. 1"^ 

» J V-*® / 


Wtt- + IDJ' + . + — - (^iORTlog,(P/A) 

n(n + 1) 


r = T, + /, Ti = To + T 
])i = 6i + boTo + boTo’ + . + 

D, = bo-\ 2b,To + 3b.To- + + (n - 1) 

D, = b, + ZboTo + 66.7V + . , . + bnTo"-* 


( 10 ) 


Dm — “f* + " “ vm-¥9lo "r 


w(m + l) (»— 1) 
“(n -m) ~ 


bnTo"- 


Dn=bn 

Tf two phases, 4 >\ and <1)2, of a substance are in equilibrium at T' and P', 
then (JVr'i-)^] = ClPr-i")*.. and (Qt-p-)*, = (0r'/-),/)2 + I-12. where L12 
IS the latent heat absnibed by tbc substance in passing from phase <jit to 
phase <f>2 

Quite recently, H Zeise has reviewed the several methods for obtain- 
ing and has derived the essential formulas 

Wlierever it is necessary in the following paragraphs to know that the 
given data are expressed in terms of the international joule, as distinguished 
from the absolute, the symbol “Tnt ” will accompany the symbol for the 
unit (seep 13 ) 

nzeise, H, Z. Blektroek , 39, 758-773, 895-909 (1933) 
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Water-vapor: Disposable Energy of Formation. 

In order to obtain from expressions (9) and (10) the value of WxPt 
it is necessary to know the value of Wtp for some one set of associated 
values of P and T Assuming the value, (IVzbs i,a)w = 56.560 X 4 182 = 
236 53 kj‘/gfw-H20, given by M. Randall for the disposable energy in 
the formation of water at 25 “C and 1 atm, and remembering that at the 
pressure (23 76 mm-Hg) of water-vapor saturated at 25 ®C the disposable 
energy of formation at 25 °C is the same for the vapor as for the liquid, 
one obtains the value (ff^asa i.as 70 mm)» = 223 65 kj/^w Whence, taking 


Table 4.— Disposable Energy in the Formation of Water-vapor 

The greatest amount of external work that can be obtained from the 
combination of H 2 and O 2 at temperature T and total pressure P, to form 
water-vapor at the same temperature and pressure is (fVTp)g -t- PAe;, where 
Av IS the accompanying increase in volume, and P does not exceed either 
that at which water -vapor can exist at temperature T or that at which the 
formula used for AC is valid, (WTp)g^w + 05RT\oge(P/A), where 
w takes the values tabulated below, and A = pressure of one normal atmos- 
phere; Wg = W 12 /I 8 0154 ; PAv = — 0 5RT. 

Computations by means of formulas (12), (13), and (14) are indicated 
by subscripts; W 12 is essentially the negative of M. Randall’s aF°. For 
values computed from molecular and spectroscopic data, see A. R Gordon 



Unit of to 

and 0 SRT = 1 

kj/Bfw-H..O, 

of K’n =• 1 kj/it 

Tcmi) — 

( 'C 

t 

T 

IVlt 

0 SRT 

% 

ton 

ton 

0 

2731 

229.11 

1 135 

12 718 

22925 

22912 

15 

2881 

22841 

1198 

12 679 

228 55 

22841 

18 

291 1 

228 27 

1210 

12 671 

22840 

22827 

20 

2931 

22818 

1218 

12 666 

228 30 

22818 

25 

2981 

22795* 

1239 

12 653 

228 07 

22794 

50 

3231 

22676 

1343 

12 587 

226 87 

226 75 

100 

3731 

22436 

1551 

12454 

224 44 

22432 

200 

4731 

21940 

1967 

12178 

21938 

219 29 

.500 

5731 

21427 

2 383 

11 894 

21414 

214 19 

500 

7731 

2036 

3214 

11 30 

203 3 

2033 

1000 

12731 

1750 

5293 

9 71 

1748 

1749 

1500 

17731 

1451 

7372 

8 05 

145 6 

145 8 

2000 

2273 1 

1154 

9450 

6 41 

1163 

1170 

2500 

27731 

870 

11529 

483 

874 

893 

3000 

3273 1 

613 

13608 

3 40 

58 9 

63 4 


* Randall gives 54 507 x 4 182 = 227 95 kj/gfw , W F Giauque and M F Ashley “ 
give 54 670 X 4 185 = 228 79 kj/gfw at 25 'C; F D Rossini" derives from his own 
value for the heat of formation of water (p 17), together with various published 
spectroscopic values for the entropies of the gases, 228 57 (Int ) kj/gfw at 25 *C 
(=22867 kj/gfw) 


'raBjernini, N, Z phvstk Ghent, 79, 513-536 (1912) 
w L'lngmuir, I, / Am Chem Soc , 28, 1357-1379 (1906) 

LGwen^tein, L , Z phystk Chem , 54, 715-726 (1905) 
wNcmst, W,, and v Wartenberg, H, Nachr k Gee SVtss , C9tt%ngen, 1905, 35-45 ( 3905) 
Wartenberg, H, Ber dent phynk. Gee, 8, 97-103 (1906); Z phystk, Chem, 56, 513- 
533 (1906). 
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(62981.23701110)0 = 241.93 kj/gfw (p. 14), accepting Ranclall!s expression 
for aC (p. 15), and using expression (9), one obtains 

{Wtp), = 240.227 - 0.0039317 log.T - 0.0690(7/100)=* + 
0.001S473(7V100)» - 0.01688b7 + 

0.0041S7b 7 log,(P/^) kj/gfw-HaO (11) 

which differs from the one given by Randall solely by the presence of the 
last term and by small clianges in the first and in the next to the last terms 
The last two result from the use of a slightly different value for the heat 
of formation of water, and the first is necessary for the completion of the 
expression. Obviously, expression (11) ceases to have a physical signifi- 
cance when P exceeds the pressure of water-vapor saturated at 7 °K. The 
alternative form corresponding to (10) is 

= 229.110 - 0.04629it - 0.05622(^y-|- 00015473(^y- 

1.0736|^ 0-004157s 7 ]og.(P/^) kj/gfw-H,0 (12) 

It seems that the expression given by Randall rests upon the value he 
gives for the heat of formation of water (p. 14), together with his con- 
clusions regarding the thermal dissociation of water-vapor, as derived from 
the work of N. Bjerrum,'*® I. Langramr,’^ L. Lowenslem,’® W Nernst and 
H v. Wartenberg,’® H. v. Wartenberg,'^^ with a consideration of that of 
F. Haber and F. Fleischmann,^® F. Faber and G W A. Foster,'^® A. Holt,®® 
W. Nernst,®^ and Schmidt,®® these being the references given in that sec- 
tion of his table. 

Using other data (see p. 17), Qnpman obtained an expression equiva- 
lent to (13) 

(JVtp), = 239 05 - 1 151(7/100) logo7 + 003139(7/100)=* -1- 

2 783(77100) -I- 0.00415767 log,(P//J) kj/gfw-H.O. (13; 

= 229 25 - 4 6529(7100) - 3 1434 {(1 -f- 1/273 1) log,(l + 1/273.1) - 
(7273.1)} +0 03139(7100)® + 000415787 log,(F/^) kj/gfw-HaO, 

and E. D. Eastman ®®“ one equivalent to (14) 

(ff'Tp)g = 239.50 - 08412(7/100) loge7 - 00090605(7/100)® + 
0.0007366(7/100)® + 0.9374(7/100) + 0.004157B71og,(P/^) = 

™ Haber, F, and FIeisc1ini.mn, T, Z morg allgcm Chem , SI, 245-288 (1906) 

’•Haber, F, and Foster, G W A, Idem. 51, 289-314 (1906). 

»Holt, A, Phtl Mag (6), 13, 630-635 (1907). 

•t Nernst, W, X onorg allgem Chem, 45, 126-131 (1905) 

•• Schmidt, Dus , Berlin, 1921. 

an Eastman, E D , Bar Mmes, C%re 6125. p. 15 (1929). 
n Gordon, A. R., J. Chem'l Phys , 1, 308-312 (1933). 

•• Rossini, F D., private cammuiueatum, 193S. 
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229.12 - 4.6.'558(</100) - 2.2973 {(1 + //273.1) log»(l + //273.1) - 
t/273 1) - 0003026(1/100)- -h 00007366(1/100)“ + 

0 0041S75r log.(P/^) kj/gfw-HaO. (14) 

Values computed by each of these formulas are given in Table 4. 

Water: Disposable Energy of Formation. 

Accepting for the disposable energy in the formation of water at 25° C 
and 1 atm the value given by M Randall,” ma., (ff' 29 Bi,A)«> = 56.560 X 
4182 = 236.534 kj'/gfw-H20, for the heat of formation (0298 = 

285 890 kj/gfw-H20 (p. 17), and for (aC)«, the expression (AC)* = 
34 58 — 0 00585T j/gfw-H20°C (p 18), one obtains expression (15), in 
which A = pressure of one normal atmosphere. It has no physical signifi- 
cance if P is less than the vapor-pressure of water at t °C. 

(IVtp)«, = 240.709 - 0 16845t - 0 00000292P -I- 9 444 {(H- f/273.1) X 
log,(l + t/273 1) - i/273 1} + 0.012477 log, (P/A) kj/gfw-HaO. (15) 

Values computed by means of (15) are given in Table 5. 


Table 5. — Disposable Energy in the Formation of Water 

The greatest amount of external work that can be obtained from the 
combination of H 2 and O 2 at temperature T and pressure P, not less than 
the vapor-pressure of water at 7 °K, to form water at the same tempera- 
ture and pressure is (fVTp)v> + P(Av) = w + 1 5RT log,(P/A) 4- P(Av), 
where A = pressure of 1 atm, and (Av) is the increase in volume on passing 
from the mixed gases to the resultant water; P(^v) = — 1.5R7 = — 
0.012477 kj/gfw-H20. The following values of w have been computed by 
formula (15) ; zvg = zv/180154. 


of IV and 

1 iRT = 

1 kj/glwHiO, of w. 

= 1 kj/g, temp 

= » »C = 7" 

t 

T 

n> 

1 5RT 


0 

273 1 

240709 

3 406 

13 3613 

10 

283 1 

239031 

3 531 

13 2682 

15 

2881 

238 196 

3 593 

13 2218 

20 

293 1 

237363 

3 656 

13 1756 

25 

2981 

236 535“ 

3 718 

13.1296 

30 

303 1 

235 708 

3 780 

13.0837 

40 

313 1 

234 059 

3.905 

129922 

60 

333 1 

230 804 

4154 

12 8115 

80 

.3531 

227585 

4404 

12 6328 

100 

373 1 

224402 

4 653 

124561 


* W F Giauque and M F. Ashley “ have concluded that W = 56.720 X 4,185 = 
237 37 k]/gfw at 25 °C Had this value been used instead of Randall’s, the com- 
puted values of W would have exceeded those in the table by 0 77 + 0.0028t kj/gfw. 


If for (AC)tt one uses Randall’s approximation (33.45 j/gfw-°C, 
p. 18), keeping all else as before, one obtains a formula differing slightly 
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from (IS), but yielding essentially tlie same values except at the higher 
temperatures. But even at 100 “C the value so obtained is only 0,006 
kj/^w smaller than that given in Table 5. It will be noticed that this 
difference at 100° C is only a tenth of that similarly produced in the com- 
puted value of the heat of formation (Table 3). 

Ice: Disposable Energy of Formation. 

We have found for water that ( 11^273 i.x) = 24071 kj/gfw (Table 5) ; 
hence (IV 2 TS i.x)i = 240,71 kj/gfw also, water and ice-I (the common type 
of ice) being in equilibrium at tliat temperature and pressure. The heat 
of formation of ice is (Q 273 i.A)i = 292.72 kj/gfw (p. 19), and (AC)i = — 
0.040331 -I- 0.01320(T'/100) kj/gfw °K (p 19). Hence the disposable 
energy m the formation of ice from H 2 and O 2 at the same 7' and P may 
be computed by means of (16). 

(IVrr)i = 24071 - 01904/ - 11.014 {(T/To) log.(r/ro) - //To} -f- 
0.660(//100)2 + 0.012477 log<,(P/^) 

= «; 4- 001247Tlog,(P/.<4) kj/gfw-H20 (16) 

To = 2731,T = 2731 4-/, temperature = t °C, A = pressure of one nor- 
mal atmosphere This expression has no physical significance at tempera- 
tures above the melting point of ice under pressure P, but may be 
extrapolated to w = 235.94 for T = 298 1, which is the same as the value 
(56.418 X 4 182 = 235.94) given m M. Randall's compilation 

t 0 - 10 - 20 - 30 - 40 - 50 'C 

w 240 71 242 62 244 51 246 40 24830 250 20 kj/gfw-H/) 

0 012477' 3 41 3 28 3 16 3 03 2 91 2 78 kj/g{w-H,0 

IB. DISSOCIATION 
7. Dissociation of Water-vapoh 

Thermal Dissociation of Water-yapor. 

When a mixture of H 2 , O 2 , and H20-vapor is in thermal equilibiium, 
ki{n^/vY = k-ii^iin/vYi^no/v) , where v is the volume of the mixture, 
Mioi wh, and no are, respectively, the number of moles of H 2 O, H 2 , and O 2 , 
k\ is half the number of moles of H 20 -vapor that dissoaate in unit time 
when the concentration is unity, and is half the number of moles 

of H 2 O formed per unit of time m a mixture of H 2 and O 2 in which the 
concentration {uhIv, tio/v) of each gas is unity The factor ^ arises from 
the fact that two molecules of H 2 O are necessarily involved in each case, 
the reaction being 2 H 2 O ?=± 2 H 2 -h O 2 . The values of the k’s vary with 
the temperature and with the unit of concentration, but, to at least a first 
approximation, are independent of the actual concentrations. The numeri- 
cal value of ki varies as the square of the size of the unit of concentration, 
and that of as the cube. 
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Their ratio {K = ki/k 2 ) is the ratio of the number of moles of HaO- 
vapor that dissoaate to the number formed m the same time when the con- 
centration of each of the three gases is unity. It is called the constant of 
dissociation, and in this case it lias the dimensions of a concentration. The 
reaprocal of K might logically be called the constant of combination, but 
unfortunately, it also is occasionally called the constant of dissociation 
Obviously, any function of K and the temperature is an isothermal constant, 
but that does not justify the confusion mtroduced by calling such arbitrary 
functions constants of dissoaation. Here we shall restrict tliat term to the 
ratio ki/kz and shall denote it by K , K = (nji)’‘{no)/ in„y-v. 

Insofar as the three gases may be considered ideal, this expression for 
K is equivalent to (17) in which the p’s indicate the partial pressures. 

JCRT = (Psy\Po)/{p^r (17) 


The product KRT, which in this case is of the dimensions of a pressure, 
is frequently denoted by and called tlie dissociation constant ; and so is 
its square root. We shall not use that term to denote either KRT or 
{KRT)K 

If the mixed gases have been derived from the dissociation of W moles 
of HaO, and if a is the fraction of W dissociated when the mixture is in 
equihbrium, then «„ = {1 — a) IV, ng — aW, no = aW/2, and the rela- 
tions already found become 


K = 


«•* /W \ 


(18) 


KRT = 


(1 - a)^(2 -t- a) 


(.n 


(19) 


Here, P is the total pressure, and 18 OlSAW/v is the actual density of the 
mixture The first of these expressions (18) is always true if the reaction 
is 2HaO ?=i 2 H 2 + O 2 and the relation stated at the beginning of this 
section applies , but the second (19) can apply only in the domain in which 
the gases may be regarded as idea! The computation of a when the value 
of KRT fP IS known may be facilitated by the use of Table 7. 

If both sides of (18) are divided by Ci (= the concentration of one 
gfw per liter) they become dimensionless, similarly if (19) is divided 
by A, the pressure of one normal atmosphere. It may be shown that 
{d/dT)Q.ogJ<.RT/A) = 2 {Qtp)„/RT‘ = - 2{d/dT){WTp/RT)„, where 
(Qrp)v and (JVtp)p have each the same significance as on pp 12, 19 
Whence from (11) one obtains (20) for P = A, 

RT / KRir\ / T 

- -Y logof — 4 -) = 240.247 - 0 00393ir log^T - 0-0690^— j + 

0.0015483 (^ )*- kJ/gfw-HaO (20) 
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where Id, a constant of integration, is the same quantity as that designated 
by I in M. Randall’s compilation,^ but is expressed in a different unit. 

By means of tins formula and the values of KRT/A derived from the 
observed values of a, the corresponding values of Id can be computed, 
i? = 8 315 J7gfw-°K = 0 8206 1 atm/gfw °K These values of h are given 
m Table 6, their mean is IS 54 j/gfw °K By means of it and relation (20) 
values of K/Ci and oi ai iov P = A have been computed , they also are 
given m the table. 

B Lewis and J B Friauf* have derived the following expressions: 

57295 T 

0.5 \og^^{A/KRT) = — - 0 848 logioT ^ 1.474 + 

144.12 T 

0 5 \og^o{A/KRT) = + 2 0975 logioT - 0 7610 - 

2 047^ Y+ 2 473^ - ^ -Y- 10 4417 , 2800 “K ^ T < 3000 °K (22) 

VlOOOO/ VIOOOO/ 

0 5 \ogio{A/KRT) = - 0 34492 logioT - 4 3285 ; 

T >: 3000 “K (23) 

Values computed by these equations are given in the second section of 
Table 6 , for each of the temperatures 2800 and 3000, values have been 
computed hv each of the equations applicable thereto 

The preceding discussion relates onlv to the thermal dissociation of 
water-vapor into uncharged molecules of and O 2 The questions arise • 
Does an increase in temperature give rise to other types of dissociation^ 
Are any of the products of dissociation electrically charged ^ 

K F Bonhoeffer and H Reichardt ® have concluded, from their study 
of the thermal variation in the optical absorptivity of water-vapor, that at 
temperatures above 1200 °C the amount of vapor dissociating into Ho + 
20H is a little greater than that into 2Ho -h Oo The OH was electrically 
neutral. 

G M Woods and T C Poulter* found no detectable electrical con- 
duction through water-vapor heated to 500 "C The sensitivity of the 
method employed was not great. 

’ Randall, M , Int Cnt Tables, 7, 211 (1930) 

“Lewis. B. and Fnauf T B , J Am Chrm Soc , 52, 3905-3920 (1910) 

® Bonhoeffer, K F , and Rcichardt, II , Z physik Cbim (A), 139, 75-97 (1928) 

^ Woods, O M, .and Poiilter, T C, Prae Iowa Acad Set, 33, 172-173 (1926) 
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Table 6. — Thermal Dissociation of Water-vapor 

Values given iii the first section of the main table are based upon the 
observational data used in M Randall’s compilation.* Those data have been 
checked against the original publications for errors in transcription, and all 
computations have been made independently for this table. The quantity 
{A/KRTy^ IS denoted by K in Randall’s compilation, where it is called 
the constant of dissociation. 

a = ratio of the number of gfw-HaO dissociated into H 2 + 0 SOo to 
the total number of gfw of HoO contained in a mixture of the three gases 
when the mixture is in equilibrium at the pressure and temperature indi- 
cated, and has the analytical composition II 2 O R = 
wheie V — total volume, n„, na, and no = the number of gfw of HjO, H 2 , 
and O 2 , respectively, contained in that volume; A = the pressure of one 
normal atmosphere , Ci = the concentration of one gfw per liter, the gases 
being assumed to be ideal, and /a is a constant of integration (see text) 
The computed values (comp) have been derived from equation (20) with 
fa = 15 54, its mean value R/Ci and KRT/A are each dimensionless , obvi- 
ously, they are, respectively, the numerical values of K and of KRT when 
the unit of is 1 gfw/1 and that of KRT is 1 atm, but m writing such 
equations as (20) the A and the Ci must be retained if mathematical non- 
sense IS to be avoided. 

D. M Newitt ® has given the following values for the high tempera- 
tures and pressures encountered in explosions of mixtures of Hj and O 2 
Pi, Pm = initial and maximum pressures, respectively ; Tm - maximum 
temperature, = value of « corresponding to Pm and T„ The values 
of K have been computed by the compiler from the tabulated values of 
Pm, Tm, and Om, 


Pi 

3 

10 

25 

SO 

75 

100 

125 

150 

175 

atm 

P™ 

23 

78 

198 

395 

602 

808 

1010 

1200 

1400 

atm 


2585 

2630 

2660 

2655 

2700 

2715 

2720 

2680 

2690 

'K 

100 a™ 

22 

18 

17 

14 

14 

1 5 

13 

12 

10 



06 

1 1 

23 

26 

52 

63 

51 

48 

34 



Newitt regards these values as superior to all earlier ones In the 
computation of Tm and he introduced a correction for the variation 
of the co-volume with the temperature 

K F. Bonhoeffer and H Reichardt ® have given the following values for 
the dissociations H 2 O— »05H2 -t- OH (subscript OH) and H 2 O— >H 2 -H 
0 5 O 2 (subscript O) The latter essentially agree with those of the main 
table. 


T 

1000 

1100 

ISOO 

1705 

1900 

2155 

2505 

05\og«,{A/KRT)m 

10 5. 

71. 

5 7. 

4 5. 

3 6. 

2 7. 

17. 

OSIoguC^/ArRT-lo 

100. 

70. 

5 7. 

46. 

38. 

3 0. 

215 
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Table 6 — (Conimued) 

For values computed from molecular and spectroscopic data, see A. R. 
Gordon.® 


Unit of i = 1 j/gfw “K. Temp = T 'K A/KRT and K/Ci are dimensionless 
IA/KRT)'>’‘ = 10»B 



1 atm 

Val uc 

iogm 


A/C, = 

10-»B' 

- Ioff,o(A/C,) 

1 atm 

Ref’ 

T 

lOOttobi 

B 

It 

1 

n 

B*ohn 

H'iomp 

Obs 

Comp 

lOOlkeevp 

1325 

0.00325 

7 63 

6 

6 883 

14.85 

16 

1 58 

1 86 

15 801 

15 731 

0.00343 

La 

1354 

0.0049 

4.12 

6 

6 615 

15 93 

16 

5 30 

4 82 

15 276 

IS 317 

0 00475 

La 

1393 

0 0069 

2 47 

6 

6 393 

15 01 

IS 

1 43 

1 63 

14 843 

14 788 

0 00719 

La 

1397 

0 0078 

2 05 

6 

6 312 

16 04 

15 

2 08 

1 84 

14 683 

14 736 

0 00750 

NW 

1433 

0 0103 

1 35 

6 

6 131 

14 99 

15 

4 65 

S 30 

14 333 

14 275 

0 0108 

La 

1455 

0 0142 

8 36 

5 

5 922 

16 35 

15 

12 0 

9 88 

13 921 

14 005 

0 0133 

La 

1474 

0 0141 

8 45 

5 

5 927 

14 04 

14 

1 16 

1 66 

13 936 

13 779 

00159 

La 

1480 

0 0189’ 

5 44 

5 

5 736 

17 00 

14 

2 78 

1 96 

13 555 

13 708 

0 0168 

NW 

1531 

0 0255 

3 47 

5 

5 540 

15 08 

14 

6 61 

7 38 

13 180 

13 132 

0 0265 

La 

1550 

0 0287 

2 91 

5 

5 464 

14 53 

14 

9 29 

11 82 

13 032 

12 927 

0 0311 

La 

1561 

0 034 

2 26 

5 

5 354 

15.50 

13 

1 54 

1 54 

12 814 

12 811 

0 0341 

NW 

1705 

0 102 

4 34 

4 

4 638 

15 60 

12 

3 80 

3 74 

11 421 

11 428 

0 1014 

Lo 

1783 

0 182 

1 82 

4 

4 260 

16 36 

11 

2 07 

1 69 

10 684 

10 772 

0 170 

Lo 

1863 

0 354 

6 71 

3 

3 827 

18 60’ 

10 

1 46 

0 69 

9 838 

10 159 

0 277 

Lo 

1968 

0 518 

3 78 

3 

3 578 

16 18 

10 

4 33 

3 71 

9 363 

9 430 

0 492 

Lo 

2155 

1 18 

1 09 

3 

3 019 

15 11 

9 

4 73 

4 99 

8 325 

8 302 

1 20 

W 

2257 

1 77 

5 93 

2 

2 773 

15 31 


1 54 

1 62 

7 814 

7 790 

1 80 

W 

2337 

2 8 

2 95 

2 

2 470 

17 35 

8 

5 98 

3 84 

7 222 

7 412 

2 43 

s 

2505 

4 5 

1 43 

2 

2 155 

16 11 

7 

2 38 

1 98 

6 623 

6 704 

4 23 

s 

2642 

43 

1 53 

2 

2 185 

10 70’ 

7 

1 97 

6 30 

6 70S 

6 201 

6 28 

B 

2684 

6 2 

8 70 

1 

1 940 

13 95 

7 

6 00 

8 74 

6 222 

6 058 

7 01 

s 

2698 

7 5 

6 46 

1 

1 810 

15 98 

7 

10 8 

9 72 

5 966 

6 012 

7 27 

B 

2731 

8 2 

5 65 

1 

1 752 

16 02 

6 

1 40 

1 04 

5 854 

5 905 

7 89 

S 

2761 

6 6 

7 96 

1 

1 901 

12 21« 

6 

0 70 

1 55 

6 157 

5 811 

8 49 

B 

2834 

9 8 

4 26 

1 

1 629 

15 21 

6 

2 37 

2 57 

5 625 

5 590 

10 05 

B 

2929 

11 1 

3 SO 

1 

1 544 

14 15 

6 

3 40 

4 75 

5 469 

5 323 

12 3 

B 

3092 

13 0 

2 71 

1 

1 433 
Mean 

12 14» 
15 54 

6 

5 36 

12 16 

5 270 

4 915 

16 7 

S 


R I ewis’ and J B Fnauf’s ' formulas (see p 27) yield the following values 


T 

, (.A/KR 

r— V.-lUn 

B 

7)or. 

tl 

= lO’B , 

login 

, K/C, =• 10 

, ^Value ^ 

n 

- logio 

] atm 
100a 

1000 

930 

9 

9 968 

141 

21 

20851 

285 X 10-* 

1200 

6 48 

7 

7 811 

242 

18 

17616 

7 81 X 10-* 

1400 

1 842 

6 

62652 

257 

15 

14 591 

8 38 X 10-* 

1600 

1267 

5 

51028 

474 

13 

12324 

00499 

1800 

1 576 

4 

41976 

273 

11 

10565 

0201 

2000 

2974 

3 

3 4734 

6 89 

10 

9162 

0 609 

2200 

762 

2 

2 8817 

9 55 

9 

8 020 

151 

2400 

2 451 

2 

2 3894 

8 45 

8 

7073 

3 20 

2500 

1490 

2 

2.1733 

2194 

7 

6 6587 

4 39 

2600 

942 

0 

19739 

529 

7 

6 2769 

591 

2800 

416 

0 

16189 

2517 

6 

5 5991 

995 

2800 

414 

0 

16165 

2545 

6 

5 5943 

9 98 

2900 

28 7 

0 

14577 

5.11 

6 

5 2919 

12 55 

.3000 

204 

0 

1 3098 

975 

6 

5 0109 

15 4 

3000 

20 4 

0 

1 3099 

975 

6 

5 0111 

15 4 

3200 

no 

0 

1 0421 

314 

5 

4 5035 

22 3 

3500 

500 

0 

06988 

139 

4 

38558 

34 4 

4000 

175 

0 

0.2432 

9.94 

4 

30026 

55 0 


'Newitt, D, it, Proe Roy Soc (London) (A), 119, 464-480 (1928), 
’Gordon, A. R , / Chem’t Phyt , 1, 308-312 (1933). 
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Table e—ICoiiiuined) 

B. Lewis and G von Elbe ^ have given the following values, with which 
those given by E Justi and H Liidcr’* essentially agree Each denotes 
{KRT/AY ® by the symbol A', Two types of dissociation are considered 
H.jO?=iTl 2 + \Os and HaO?^ JHa + OH. The first is denoted m the 


table 

by the symbol H, 

O, the second by H. 

OH 






-iA/KRTY 

B =“ 10*/? 





7 

— 11. 
B 

O , 

H 

, 11,011- 

B 

tf 

Ioi!,„(4/KK7)“» 

11 O 11 011 


300 

so 

39 

2 

43 

39 77 

43 3 


400 

182 

29 

5 

31 

29 20 

31 7 


()0O 

4 V> 

18 

1 

20 

18 64 

20 0 


«0i) 

1 00 

13 

1 17 

14 

13 28 

14 07 


lOOO 

1 12 

10 

3 30 

10 

10 05 

10 53 


1200 

7 04 

7 

148 

8 

790 

817 


1400 

210 

6 

295 


6 34 

6 47 


IWXJ 

1 58 

5 

1 58 

5 

5 20 

5 20 


1800 

1 SO 

4 

155 

4 

4 27 

419 


2000 

.3 31 

3 

251 

3 

3 52 

3 40 


2200 

813 

o 

5 50 

> 

2 91 

2 74 


240(1 

2 57 

7 

1 55 


2 41 

219 


2000 

HKl 

2 

5 SO 

i 

200 

1 74 


2800 

4 27 

1 

219 

1 

163 

1 34 


3(I(M) 

2 04 

1 

908 

(I 

1 31 

0 909 

" ii./. 








n 

njtriiitii, N, 

7 plnsd 

Chem 79, 

511 51fi (19131 




1 1 

[ itiKnuiir, I 

, J Uii 

Chem 5oi 

28. 1157 1179 

( 1906) 



1 n 

1 owmstun, 

1.7 eh 

A fjl Chi m , 

54, 71 5-726 (1W5) 



wv 

Ntrnst, W , and WarUnltcrK, It v , 

, Ndihr V d k 

Ges II 

CuttiUiKn 

1905, 15 (5 

s 

SlCRtl, W , d 

i physik 

Chtm , 87, 

641668 (1914) 




w 

” \i»n Wailtnl 

>CTg, II , 

Dcr dciit pfnstk 6*f, 8» 

97 

(lyOG) 


•I'rciiiMntly t|Uoted 

inairrcctly as 0 0184 






^ Onnttrt! in t ikm^ the mean 


Table 7. — Vanation of a with KRTfP 

From (19), a® = ( 1 - a) = (2 + a) (A'AT/F) If a is small, a® varies as 
2KRT /P If a exceeds 4 per cent, its approximate value can be read from 
this table, and the computation of a more exact value is facilitated by using 
in the calculation the approximate value here given for (1 — a)'-(2 + a) 
For exaiu]ile, if KRT/P is 0 645, one sees at once that a lies between 62 
and 63 per cent, and that (1 — a)''(2 4- a) is about 0 374 Whence 
a'' -- 0 374(0 645) or a = 62 2 per cent Should greater precision be 
desired, use this value of a to compute (1 — a)®(2 4- a), finding 03746, 
substitute this value in the cubic, and solve, finding a = 62 28 Take the 
mean of this and the value (62 2) previously found, which gives a = 62 24 
per cent. 

»r^vOs. B, and von Elbe, G , 1 Am Chem See, 57, 612-614 (1935) 

E. and L&der. H, Forsck Gebtete Ingen^enrw , 6, 209-216 (1935) 



7. DISSOCIATION OF VAPOR 
Table 7 — (Continued) 


KRT/P and a are each dimenaionleaa 


KRT/P 

P/KRT 

(P/KRT)o ‘ 

(1 - o)«(2 + o) 

lOOa 

3405 X 10-* 

29370 

1714 

1880 

4 

1 186 X 10-* 

8430 

918 

1820 

6 

2909 X 10-* 

3440 

586 

1760 

8 

4210 X 10-* 

2375 

487 

1731 

9 

5.879 X 10- 

1701 

412 

1.701 

10 

796 X 10-* 

1256 

35 44 

1.671 

11 

0001051 

951 

3084 

1642 

12 

0001363 

734 

27 09 

1612 

13 

0 001735 

576 

24 00 

1582 

14 

0 002173 

460 

2145 

1553 

15 

0 002688 

372 

19 29 

1524 

16 

0 003317 

301 

1735 

1481 

17 

0003975 

2516 

15 86 

1466 

18 

0 004770 

209 6 

14 48 

1437 

19 

0 00568 

176 0 

13 27 

1408 

20 

000671 

1490 

1221 

1379 

21 

000788 

126 9 

1126 

1351 

22 

0 00921 

1086 

10 42 

1 322 

23 

001076 

92 9 

964 

1294 

24 

0 01234 

810 

9 00 

1266 

25 

001420 

70 4 

8 39 

1238 

26 

0 01628 

614 

784 

1210 

27 

001857 

53 8 

733 

1 182 

28 

002112 

47 3 

6 88 

1154 

29 

002396 

417 

646 

1 127 

30 

0 02708 

3693 

6077 

1100 

31 

0 03054 

3274 

5 722 

1073 

32 

0 03435 

2911 

5 395 

1046 

33 

0 03859 

2591 

5 090 

1019 

34 

004319 

2315 

4 811 

09929 

35 

0 04828 

20 71 

4 551 

09666 

36 

00539 

18 55 

4 307 

09406 

37 

0 0600 

16 67 

4083 

09149 

38 

00668 

14 98 

3 870 

0889.3 

39 

00741 

13 50 

3 674 

08640 

40 

0 0812 

12 32 

3 508 

08.389 

41 

0 0910 

10 99 

3 315 

0 8141 

42 

01007 

9 93 

3151 

0 7895 

4.3 

0III3 

898 

2997 

0 7652 

44 

01230 

813 

2 851 

0 7411 

45 

0.13S6 

737 

2 715 

07173 

46 

01496 

668 

2 584 

06938 

47 

01650 

606 

2462 

06706 

48 

01818 

5 50 

2 345 

06476 

49 

02000 

500 

2 236 

0 6250 

50 

02202 

4 54 

2131 

06026 

51 

0 2422 

413 

2 0.32 

0 5806 

52 

02663 

376 

1 9.39 

0 5.589 

.53 

0 2930 

3 41 

1847 

0 5575 

54 

03220 

3105 

1762 

0 5164 

55 

0 3545 

2 821 

1680 

04956 

56 

03896 

2 567 

1 602 

04752 

57 

04287 

2 333 

1527 

0 4551 

58 

04720 

2119 

14.56 

0 4354 

59 

05192 

1926 

1388 

04160 

60 

05720 

1748 

1 322 

0 3970 

61 

06300 

1 587 

1 260 

0 3783 

62 

0 6948 

1439 

1200 

03600 

63 

0 7662 

1305 

1 142 

03421 

64 
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Table 7 — (Continued) 


KRT/P 

P/KRT 

(P/KRTP* 

(1 - «)*(2 + a ) 

lOOa 

08460 

1.182 

1087 

03246 

65 

09352 

1069 

1034 

0 3075 

66 

1.035 

0966 

0983 

02908 

67 

1 146 

0 873 

0934 

0.2744 

68 

1271 

0 787 

0887 

02585 

69 

Mil 

0 709 

0 842 

02430 

70 

1571 

0.636 

0 798 

02279 

71 

1750 

0 571 

0 756 

02132 

72 

1955 

0512 

0715 

01990 

73 

2189 

0457 

0 676 

01852 

74 

2453 

0 408 

0 638 

01719 

75 

2 760 

0 362 

0602 

01590 

76 

3115 

0 321 

0 567 

01465 

77 

3522 

0 284 

0 533 

01346 

78 

4008 

0250 

0500 

01230 

79 

4 602 

0217 

0 466 

01120 

80 

9 575 

0104 

0 323 

00641 

85 


Table 8. — Thermal Dissociation of Water-vapor: Effect of 
Pressure and Temperature 

The data in this table have been computed by means of equations (19) 
and (20) with /a = 15 54, the mean of Table 6, they are valid only to the 
extent to which the constants in equation (20) are valid The compiler 
expresses no opinion regarding their validity at the higher temperatures, but 
the values of « here given essentially agree with those given by N. Bjerrum ® 
in a similar table covering the same domain See also Newitt’s values at 
the head of Table 6 G Chaudron has expressed the opinion that the 
specific heats of the gases at high temperature are not known with sufficient 
precision to enable one to infer with certainty the dissociation at such 
temperatures.*^ 

P = total pressure ; a = fraction of HgO-vapor dissociated when the 
analytical composition of the mixed gases is that of HaO ; K = constant of 
dissociation (see Table 6) ; Ci = concentration of 1 gfw/1 


Unit of F « I atm K/Ci la dimensionlcas Temperature " T "K 


T 

r-* 

- loRiciCK.'Ci) 

0 1 

1 

10 

100 

1000 

21 964 

' 0 000056 

0000026 

0 0000121 

00000056 

1500 

13 478 

0 0434 

00202 

0 00936 

000434 

2000 

9225 

1 24 

0 579 

0269 

0125 

2500 

6724 

877 

417 

196 

0914 

3000 

5139 

277 

141 

6 85 

3 24 

3500 

4113 

51 I 

294 

151 

7.34 

4000 

3 465 

678 

441 

244 

122 

4500 

3098 

766 

547 

31 7 

16 5 

5000 

2950 

80 

587 

35 6 

18 8 


•Bjerrum. N , Z fhvsilt C/iiffl , 7», 513-536 (1912) 

••Chaudron, G, Bull m. rhim de Francr (f), JI, 657-679 (1925) 

"See alao Gordon, A R. and Bamea, C, / P?ivt'l 7ktm , 36, 1M3-115I (1932) 
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Photochemical Dissociation of Water-vapor. 

A. Coehn and G. Grote have reported that under the radiation from 
a Hg-arc in a quartz tube the equilibrium amount of dissociation of water- 
vapor at a pressure of 0825 atm is the same at 240 ®C as at 150 “C, i.e., 
0.124 per cent, which is the same as for thermal dissociation at aboyt 
1730 “C. They give the following values for 150 °C, P being the initial 
pressure of the water-vapor, and a being the fraction dissociated when 
equilibrium is attained : 

P 082S 0585 0 448 0 370 atm 

a 01237 01992 0 2960 0 3618 percent 

Pa 0102 0116 0132 0135 

From these data, which may be represented by the formula P(a 4- 0.0681 ) = 
0 1600, the observers infer that the reaction is of the first order. Two 
hours were required for establishing equilibrium 

R S. Mulliken has suggested that the strong continuous absorption 
band beginning suddenly near X = 1800A and initiating the ultraviolet 
absorption of water-vapor represents a dissociation or a predissociation 
process. 

H Senftleben and I Rehren and J R Bates and H. S Taylor 
observed a dissociation into H and OH when a mixture of the vapors of 
w'ater and of mercury was illuminated by the light from a suitable line of 
the mercury spectrum (c/ p 60). 

A Tian is occasionally quoted as having studied the photochemical 
dissociation of water-vapor, but the object of his investigations was liquid 
water, and he was of the opinion that the vapor was not involved (cf 
P 35). 

A Terenin and H Neujmin and H. Neujmin and A Terenin have 
reported that under the action of radiation in the range A = 1300 to 1500A, 
the excited OH radical is split off from the water-vapor molecule, carrying 
an abnormally great amount of rotational energy; and that the threshold 
energy for that dissociation is 207 kcal/gfw-HoO ( = 866 kj/gfw-HaO). 

Ionic Dissociation of Water-vapor. See also Sections 10 and 24. 

In 1925, F Hund calculated the energy that would be required to 
remove one or both H-ions from H 2 O constructed like his atomic model 
(p 45), finding 370 ^ 30 and 920 =*= 40 kcal/gfw, respectively. These 
values are equivalent to 160 and 398 electron-volts per molecule or 1550 
and 3850 kj/gfw Recently, J C. Slater has concluded that the energy 
of such a triangular molecule is — 9 3 electron-volts. 

“Coelin, A, and Orote. C3 , Nernst, “Festsclirift,'* p 136-167, 1912. 

“Mulliken, R S, J Chcm'l Phys , 1, 492-W3 (1933) 

“Senftleben, H, and Rehren, 1, Z Phynk , 37, 529-538 (1926). 

“Bates, J R , and Taylor, H S, / Am Chtm. ?oc , 49, 2438-2456 (1927) 

“Tian, A, Compt mi. 152, 1012-1014 (1911); Ann de Phys (9), 5, 248-365 (1916) i 

« Terenin, A , and Neujmm, H , J Chem'l Phys , 3, 436-437 (L) (1935) * 

“ Neujmin, H , and Terenin, A , Acta PhysKOchtm. URSS, 5, 465-490 (1936) 
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K. F. Bonhoeffer®^ and K. F. Bonhoeffer and H. Reichardt* have 
obtained the following values ; Ha + 20H = 2H2O + 128 kcal ; H + H = 
Ha + 101 kcal They concluded that the dissociation HaO -» H + OH 
requires 111 or 115 kcal/gfw = 464 or 481 kj/gfw = 4.8 or 50 electron- 
volts per formula molecule. But E Gaviola and R W. Wood found that a 
greater value, probably about 5 2 electron-volts per molecule, is required for 


Table 9. — Dissociation of Water-vapor in the Glow Discharge 
(See also Table 75) 

A. Guntherschulze and H Schnitger give the following data for the 
dissociation 2H2O ?=» 2H2 -f Oa in the glow discharge, primarily in the 
cathode portion. Partial pressure of H^O is pt, of the (2H2 + Oa) is p 2 ', 
T “K is the temperature at which the thermal dissociation at those pressures 
would equal that actually observed in the glow discharge at the temperature 
/ “C ; a is the dissociation coefficient as already defined (p 26) 


of />, and of />j — 

1 mm-Hg, 

a la dimensionlees 

Temp “ i *0, 

for T aee heading 

i 

/>! 

h 

100a 

T 

-47 0 

42 

61 

88 

1915 

-420 

74 

181 

140 

2095 

-370 

134 

466 

189 

2170 

-320 

227 

70 0 

171 

2190 

-270 

387 

780 

118 

2120 

-22 0 

636 

117 4 

no 

2140 

-170 

1027 

145 

86 

2115 

-120 

1627 

329 

119 

2245 

00 

4579 

1078 

13 6 

2380 

+170 

14530 

5720 

24 9 

2750 

182 

1S670 

4850 

171 

2600 

226 

20560 

10070 

24 8 

2810 


fJsO — » H -H OH, and that such dissociation occurs only once in about ten 
thousand collisions between the molecules of H2O and of excited Hg And 
more recently, H Senftleben and O Reichemeier have reported 5 05 =*= 
0 04 electron-volts for HjO — > H + OH, and that the value increases with 
the temperature 

R S. MuUiken has concluded from thermal data that the work per 
H-atom required to ionize HaO completely is 110 X 4 185 = 460 kj, or 
920 kj/gfw-HaO M Magat from spectroscopic data derived for H3O — » 
2H* -I- O" the energy (269 3) X 4 185 = 1126 kj/gfw, and from ther- 

mal data 218 X 4 185 = 912 kj/gfw, whence he concluded that the primary 
products of the thermal dissociation are not normal atoms of H and O, but 

»Hund, F, Z Pkystk, 32, 1-19 (1925) 

"Slater, J. C, Phys Rtv. (2), 31, 1109-1144 (1931) 

"Bonhoeffer. K F, Z Elrktrechem , 34, 652-654 (1928) 

"GavioU, E, and Wood, R W, Phit. Mag (7). t, 1191-1210 (1928) 

^ "Senftleben, H, and Reichemeier, O, Pkvnk Z, 34, 228-230 (1933) 

"Mullilcen, R S. Pkys Rn (2), 40, 55-62 (1932). 

■Uagat, M., Compt rend, 197, 1216-1220 (1933), 
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normal H and activated (Oij, ) oxygen. He stated that this had been pre- 
viously suggested by Haber and Bonhoeffer 

D. W. Mueller and H. D. Smyth have reported that an electronic 
bombardment of H20-vapor yields n^ative 0-ions and OH-ions, as well 
as negative H-ions. The number of the H-ions formed per electron is a 
maximum when the energy of the electrons is about 8 electron-volts; 
whereas the 0-ions and the OH-ions both continue to increase in number 
with the energy as it exceeds 20 electron-volts. 

The energy expended in producing the dissociation accompanying a glow 
discharge in water-vapor is 11 electron-volts per molecule of H 2 O dis- 
sociated.®^ 

The chemical reactions of water-vapor dissociated by an electrical dis- 
charge have been studied by H. C. Urey and G. I. Lavin.®® 

8. Dissociation of Water 

Photochemical Dissociation of Water. 

When water (liquid) is exposed to the radiation from a quartz-enclosed 
mercury arc, only Ha is initially freed, the H 2 O being converted into H 2 O 2 ; 
later, from the dissociation of the accumulated H 2 O 2 , O 2 appears; and 
finally equilibrium is established, the liberated gas having the composition 
2 H 2 -1- Oa There is no decomposition of pure water unless the radiation 
contains waves shorter than 1900A. Between 8 and 20 ®C the velocity of 
decomposition increases as the temperature rises, averaging 1.37 per cent 
per degree C.“ 

Ionic Dissociation of Water (See also Electrolytic Ionization, Section 50). 

The heat Qion absorbed in the iomzation of water (H 2 O — > H* + OH") 
has been expressed by formulas equivalent to the following : 

(Qion)Eo = 57.370 - 0.242(t-18) -1- 0.00063(# - 18)® kj/gfw, 
10:<f<35 "C*®; 

(Qion)Ei = 122.16 - 02216r kj/gfw 

(Qi<ni)i:.a = 57.07 — 0.217 (jt — 20) kj/gfw, temperatures near 20 °C ®® , 
(Qion)nH = 91.760 - 5 9352(r/100) - 1.9862(7/100)® kj/gfw.«» 

These formulas lead to the values in Table 10. 

xMudler, D. W, and Smyth, H. D, Phyt Rev (2), 31, 1920 (A) (1931). 

" Linder, B. G , Phys Rev (2), 38, 679-692 (1931). 

•Urey, H. C, and Lavin, G. I., 1. Am Chem See, 51, 3290-3293 (1929). 

• Gunthencbulze, A., and Schnitger, H., Z. Phytik, 103, 627-632 (1936). 

•0 Rossini, F D, Bur Stand I. Ret, 6, 847-856 (RP309) (1931) 
n Randal), M, ltd Cnt Tablet, 7, 232 (1930) 

•Lambert, R H., and Gillespie, L. J , /. Am Chem Soe . 53, 2632-9 (1931) 

•Hamed, H S, and Hamer, W. J., J. Am. Chem Sec., 55, 2194-2206 (1933). 
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Table 10. — Heat of Ionization of Water 

Unit of 0iu ~ 1 kj/gfw-HgO. temp. » f °C T *K 

( 0 10 IS 18 20 25 30 40 50 60 

T 273 1 283 1 288.1 291 1 293 1 298 1 303 1 313 1 323 1 333 1 

(Gi«)a. .... 59J5 58.10 57.37 56 89 55 71 54.56 (52.35) 

(01..) >1 61.64 59.43 5832 57.65 5721 56.10 54.99 52.78 5056 4835 

(Oi..)ui .. . (5816) 5750 5707 (5599) 

(0i..)>H 6074 5905 5818 57.65 5730 56.42 5185 53.71 5185 4995 


Table 11. — Disposable Energy in the Ionization of Water 

The greatest amount of external work that can be obtained from an 
isothermal ionization of liquid water (HjO -> H+ + OH-) at atmospheric 
pressure A is Wu«, + AAv; AAv is negligible, if'ion =- 122.16 - 
0.2216r log,r + 1 4(HS7T kj/gfw-HjO ; wum = lVi^/18 0154. As 
IS negative, work is absorbed during the process. The temperature is t °C, 
T = 273.1 + t. 


Unit of = 1 lij/gfw, of = 1 kj/g 


0 

10 

IS 

20 

25 

30 

40 

60 

80 

100 

* R F Newton tod M G Bolmger * 



“..n 

- 78 07 

-4 334 

- 78 72 

-4 370 

- 79 07 

- 4 389 

-79 44 

-4410 

-7982* 

-4 431 

-8023 

-4 453 

- 81.10 

-4 502 

-83 05 

-4610 

- 85.26 

- 4 733 

-8690 

-4 824 

ve reported lVi»n = 

- 79 92 kj/gfw .It 25 'C 


Alpha-ray Dissociation of Water. 

The decomposition of water by alpha particles, and the nature of the 
products formed, have been studied by C. E Nurnberger.*® 

■* Randall, M, Ini Cnt Tdbltj, 7, 232 (1930) 

“Newton, R F, and Bolmger, M G, / .fill Chtm Soe , 52, 921-925 (1930) 

“Namberger. C. E , 7 Phit l Ckem , 38, 47-69 (1934), J Chtm'l Phys , 4, 697-702 (1916) 



II. Single-phase Systems 

1 1 A. WATER-VAPOR 

9 Molecular Data for Water-vapor 

Some miscellaneous data for water-vapor and the numerical values 
accepted for certain constants appearing throughout this section are given 
in Table 12, and certain kinetic data for each of a series of temperatures 
extending from 1 °K to 3000 °C are given in Table 13. More detailed 
information is given in the following sections and tables. For theory and 
data consult Boltzmann,^ Meyer,* Jeans,® and Dushman * 

Mean Free Path of Molecules of Water-vapor. 

The effective mean free path (L,) of a molecule of a gas is derived 
from the ob-served viscosity (jj) by means of the relation L, = 3i;/pf> = 
3(ir/?/8M)5< (r,Ty^/p) = 3N(w/8RM)y^ (,,/nT5^). When all quantities are 
expressed in cgs units, this becomes, for water-vapor, L, = 4039(r]T*/p) — 
2 944(ri/nT^) (10^®) Here p = density, f) ■= mean translational speed of 
thermal agitation of the molecules, R = gas constant per g-mole, M = 
molecular weight, p = pressure, T “K = absolute temperature, N — num- 
ber of molecules per g-mole, n = number of molecules per unit of volume 

These relations are derived from tlie simple kinetic theory of gases 
devoid of intermolecular attraction. In that case the free path of a molecule 
between two consecutive collisions is straight, and Z,» is a certain average 
length of all such free paths In actual gases there is intermolecular 
attraction, which causes the paths to be curved, increasing the frequency 
of collision and reducing the lengths of the individual paths. In such cases 
the value of Z-, found by means of the relations just given is the mean 
free path in a gas having the existing values of Af, ij, p, and but devoid 
of intermolecular attraction It may be called the effective mean free path 
of the actual gas. 

The curvature produced in the path by attraction between the molecules 
will, obviously, decrease as the translational kinetic energy of the molecules 
increases. Wherefore W Sutherland® suggested that L* = Z-,/(l -h CT~^), 
where L, is what would be the corresponding mean free path in the actual 
gas if there were no intermolecular attraction. It may be called the Suther- 

* Boltzmann, L , “VorlCTungen filter Gaatheone,” Leipzig, J A Barth, 1896, 1898. 

’Meyer, O E, “Die Kmctische Theorie der Gase,” Brezlau, Maruschice ft Berendt, 1899 
■Jeans, J. H, "The Dynamical Theory of Cues," Cambridge Utuv. Frets, 1921. 
■Dushman. S, Gen Elec Rev, U, 952-958. 1042-1049, 1159-1168 (1915) 

■Sutherland, W, PhtI Mag (5), 36, 507-551 (1893) 
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land mean free path. Tlie “Sutherland constant” (C) is chai acteristic of 
the gas, and measures the intensity of the intennoiecular attraction. This 
suggestion of Sutherland’s leads to the relation r/ = AT^^JiT + C), where 
A^nL,(fiRM)^/ZNic^ is a constant. This relation agrees quite closely 
with the observations on many gases over wide ranges in T, the pressure 
not exceeding a few atmospheres. But as the pressure increases, the iso- 
thermal value of i; for water-vapor increases (see Section 11), and the 
Sutherland relation ceases to hold This means that nL, is not a constant, 
as the simple theory demands, but varies with the pressure, the variation 
depending upon T. 

Unless qualified in some way, the term “mean free path” is ambiguous. 
In common practice, it usually means either L, or L, For water-vapor 


Table 13. — Emetic Data for Molecules of Water-vapor 

Information regarding the symbols not defined here and the numerical 
values of the basic constants will be found m Table 12. 

If /I = density, p = kpiVi)' = RTttg; whence (112)^ = iRT/M, If the 
distribution of velocities is Maxwellian, v = V2\/S/3ir = 0.9213 v-i. Insofar 
as the principle of equipartition of energy applies, each g-mole of a resting 
gas, containing only one type of molecule and m thermal equilibrium, con- 
tains an amount of kinetic energy equal to 0 5RT for each of the degrees of 
freedom characteristic of the molecule. 

m = mass of one inolecule_of H 2 O = 29.72 10'^*g;_(t;2)® = 1.3846T 
10^(cni/sec)*, = 3721 ly/T cm/sec; v = 34282-\/T cin/sec, E„ = 

average translational kinetic energy of thermal agitation of a molecule = 
20.577’ 10 ”erg, Eg = the same kinetic energy of a g-mole = NE„ = 
12A72T 10^ ergs. 


Unit of V and Vj 
T 


1 m/scc, of Em = 

V 


10 -i« erg, of Ef and of 0 5RT — 10* ergs 
Em 


- 2721 
-271 1 
-208 1 
-263 1 
-250 
-200 
-150 
-100 
-50 
0 
25 
100 
2(K) 
300 
500 
1000 
1500 
2000 
3000 


1 
2 
5 
10 
231 
731 
1231 
1731 
223 1 
2731 
2981 
3731 
473 1 
573 1 
7731 
12731 
17731 
22731 
32731 


343 
485 
70 6 
108 4 
164 8 
2931 
349 5 
451 0 
512 0 
566 5 
5919 
662 2 
745 7 
820 7 
953 2 
1223 2 
1443 5 
1634 5 
19613 


372 
526 
832 
1177 
1788 
3181 
379 4 
4896 
5558 
6149 
6425 
718 8 
809 4 
890 8 
1034 6 
1327 7 
15669 
17741 
21289 


21 
4.1 
103 
20.6 
47 5 
1504 
2532 
3561 
458 9 
562 
613 
767. 
973 
1179 
1590 
2619 
3647 
4676 
6733. 


B, 

12 
25 
62 
12 5 
28 8 
912 
153 5 
215 9 
278 2 
340 6 
3718 
465 3 
590 0 
715 
964 
1588 
2211 
2835 
4082. 


OSRT 

042 
083 
2 08 
416 
960 
3039 
51 18 
71 97 
92 7 
1135 
1239 
1551 
1967 
2383 
3214 
5293 
737 2 
9450 
1360.8 
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fiL* IS about 1.6 X 10^* cm at room temperature and saturation pressure, 
and increases with botli pressure and temperature to about twice that value 
at the limits of the expenpiental values for the viscosity ; the corresponding 
values of nL, are about S and 8 X 10‘* cm, varying not greatly with T but 
subject to variations in the chosen value of C (see Table 21). At a 
pressure of 1 barye (1 dyne/cm®) L, varies from about 6 cm at 0 °C to 
about 20 cm at 350 °C, the correspon^ng values of L, being 20 and 45 cm 
respectively. 

Molecular Size. 

A general discussion of the various methods available for estimating 
the sizes of molecules, atoms and ions, together with numerical values and 
a bibliography of 153 titles has been published by K. F. Herzfeld.*’ 

In the simple kinetic theory of gases, the term molecular diameter is 
used to indicate the diameter of the equivalent elastic spheres by which the 
molecules may be regarded as replaced when one is concerned solely with 
the mechanical effects arising from the thermal agitation of the molecules 
of the gas when in a state closely approximating the ideal. This diameter 
is an average minimum value of the distance between the centens of col- 
liding molecules under the stated conditions. It is an average, because the 
minimum distance may vary from one collision to another, because the 
molecules have vanous veloaties, are neither necessarily spherical nor 
surrounded by fields having spherical symmetry, and possibly interpene- 
trate, more or less, at each collision. 

Insofar as the molecules may be replaced by elastic spheres between 
which there are no forces except when the spheres are in actual collision, 
the path between two consecutive collisions will be straight, and the average 
value (A) of all such paths will be related to d, the diameter of the spheres, 
as indicated by the equation nL = K/'ncP, n being the number of molecules 
per unit volume and K being a number determined by the distribution of 
the velocities of the molecules and by the kind of average free path repre- 
sented by L. Some of the values that have been computed for K are given 
in Table 14. 

It seems to be agreed that Chapman’s highest value {K = 1.058) is the 
most appropriate for use in formulas involving the viscosity. But all the 
other values tabulated have been used, and molecular diameters so com- 
puted are not infrequently tabulated without any indication of the value 
of K to which they refer, even though different entries refer to different 
values, and some refer to d, (computed from L,) and some to d, (com- 
puted from Li). 

The area wd® is often called the cross-sectional area of the sphere of 
action. But when that term is used, d having the sigmficance here con- 
sidered, it should be so qualified as to indicate that it refers solely to those 
intermolecular collisions that occur as the result of thermal agitation; for 

• Herzfdd, K P , Jahrb d Radwak , U, 2S9-3M (1922). 



42 


PROPERTIES OF ORDINARY WATER-SUBSTANCE 


the radius of the sphere of action niay have a different value m relation to 
other events. From the observed viscosity of water-vapor it may be 
inferred that de is of the order of 3 to 5A (lA =; 10-® cm), and d, of 2A; 
the corresponding values of ird^ are of the orders of 28, 78, and 13A®, 
respectively. 

Table 14. — Various Values Assumed for K = ird^nL 

K 1 % a, pure number 

Conditiofl K 

I. Gas at rest , L = mean value of the free paths : 

(o) All molecules, except one, continuously at rest 1 

(f>) All molecules have the same speed, chaotically distributed 0.750 
(c) Maxwellian distribution of velocities K = l/\/2 0707 

II Gas streaming lamcllarly , various types of averaging, each 
intended to Ix' that appropriate to the equation 17 = ipvL • 

(a) Distribution of velocities strictly Maxwellian’ AT = 

3(0 3502)/y'2 = 1 0506/V2 0743 

(b) Maxwellian distribution as modified by the streaming® 

fC = 3(0 3097)/V5‘= 09290/V2 0657 

(c) Taking into account the persistence of the streaming veloc- 

ity (it was ignored by Boltzmann and by Meyer), and 
assuming a Maxwellian distribution as modified by 
streaming, J H. Jeans'* finds by one approximation 


A' = 1.317/VJ . .0 931 

and by another A = 1 3S2/y/2 .... 0.977 


(d) By a somewhat different procedure, S Chapman’ finds 
for condition (c) K = 3(0.491) (1 -|- e)/\/2 = 1 473 
(1 + «)/V2 = 1 042(1 4- «), where (1 -h e) depends 
upon the intermolecular attraction, and lies between 
1 000 and 1 016 If c = 0, A is . . 1 042 

If e = 0016, A IS ... . 1 058 


Unfortunately, the term molecular diameter is not infrequently used m 
other senses This has led to great confusion, and not infrequently to 
comparison of values that are not comparable. Some of these other uses 
are illustrated in Table 15. Each of the values there tabulated has been 
called molecular radius. Some have been called radius of molecular action, 
and some half the radius of molecular action. 

'Cbapmui, C, PM Trans, (A), 3U, 279-348 (1916). 
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Table IS. — Estimates of the Effective Size of the Molecule 
of Water-vapor 

r = “radius” of the molecule as derived in the manner indicated. If 
the procedure defines a diameter (d), then r = d/2. For additional 
explanations, see text. 

Unit of r — lA = 10-" cm 

Basts * r 

Viscosity at 100 °C and 1 atm, r = d,/2 . ... 2,08 

Viscosity at 100 °C and 1 atm, r = dg/2 . . . 1.25 

Van der Waals’ equation, assuming that the co-volumc 1) is 4 times 
the volume of all the molecules in a g-niole, that the critical 
pressure and temperature are P, = 217 7 atm and = 273 + 

374 °C = 647 °K, and that b = RT^/SP^ 1.44 

As before, except that b - RTe/l5Pe . 1 17 

Kamerlingh-Onnes’ equation of state and Jakob’s data for the den- 
sity. G Holst * finds 3 2 

The relation rd'n/6 = (e — I)/(e + 2), e = dielectric constant . 2 9 

If in the liquid state the moleailes were culies and were closely 
packed at 4 °C, then the length of the edge of each cube would 
be e = (M/Npy/' = 2r 1 55 

If m the liquid state the molecules were spheres and were closely 

packed at 4 °C (tetrahedral packing), then d =r 2’''" = 2r . . 1 74 

If S is mean distance between the centers of adjacent molecules of a 
liquid in w'hich the velocity of sound is V and the thermal con- 
ductivity is A, then 8 = {2kV/k)'''^ = 2r, where k is the Boltz- 
mann gas constant = R/N = 1 372 X 10'*® (erg/°K) per mole- 
cule. For water at 4 °C, A = 561 X 10^ erg/cm sec°C, V 

1425 m/sec . . 1.32 

Assuming that the effective radius of a molecule of mercury vapor is 
1 80A (the value computed from the viscosity, but w'hether in 
terms of Le or of and if the latter, for what temperature, is 
not stated, M. W Zemansky® determined the greatest value of 
r = A — 1.80A that is consistent w'lth the production of a stated 
effect upon the radiation emitted by the mercury molecule, 

A being the distance between the center of a water-vapor mole- 
cule and that of a colliding molecule of mercury vapor. His data 


yield the following values: 

For quenching the radiation . ... —080 

For depolarizing the radiation 4- 5 37 

For broadening the spectral lines . . 6 48 


•Holst, G, Prof Ahad Wet Amsterdam. 19, 932-937 C1917) 
•Zemansky, M, W., Phys Rev (2), 36, 919-934 (1930). 
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Table 15 — (Continued) 

Buis 

If A is the greatest mean distance between the center of a molecule 
of water-vapor and that of an electron, consistent with the mole- 
cule’s essential blocking of the advance of the electron, then the 
value of A for each of several values of the kinetic energy of the 
colliding electron can be determined from a curve published by 
E Bruche.*® They are as follows, A being taken as r: 


Energy =s 4 electron-volts . 



224 

Energy = 78 electron volts 

• • a a a a a i 


2.32 

Energy = 9 electron-volts 

• • • • 



2.39 

Energy = 16 electron-volts . . 



2.30 

Energy = 25 electron-volts 


....... n . a 

2.03 

Energy = 36 electron-volts . . 



183 


Formulas connecting the diameter of a molecule of a vapor with the 
surface tension and other properties of the corresponding liquid 
have been derived from assumptions that have not been generally 
accepted. Thus ; 

S Mokroushin obtains a value, which after correction to 

the basis of 6 06 X 10®'* molecules per g-mole, yields . 2 72 

S P Owen obtains . 1 62 

In the triangular molecule (Table 16) the distance from the center 

of the oxygen to that of either hydrogen nucleus is approximately 1 00 


Moments of Inertia of the Molecule of Water-vapor. 

Band spectra are attributed to the rotation of the molecule The funda- 
mental frequencies, from which those of the maxima of the several bands 
are obtained by summations and differences, are determined by the fre- 
quency of rotation of the molecule, as are also the constant frequency- 
differences between the consecutive lines of a band and between the com- 
poiienls of certain doublets The quantum theory establishes a relation 
between thesf frequencies, or differences in frequency, and the changes in 
the rotational eneigy of the molecule From that, the pertinent moment 
of inertia of the molecule can be obtained 

For example, ignoring all complications, the quantum theory requires 
that the integral of the angular momentum over a complete cycle shall be 
an integral («) multiple of the Planck constant of action (A = 6 56 lO'®'^ 
erg sec) ; that is, 4ir®/f = nh, I being the effective moment of inertia, and 
i the frequency of the rotation of the molecule. Hence, the rotational 

energy is £ = ^7(2^)® = (h*n*). As n cheuiges from one integer 

’•BnVIw E, Ann i Physik, (5), 1, 93-134 (1929) 

»» Mokroushin, S , Pht! Mag («), 48, 7C5-768 (1914). 

“Owen. S P, Prae Untv Durham Pktl Sac, (, 308-311 (1932) 
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to the next, E changes by a£ = gJJS/ ^ quantum 

theory, this must equal hv, where v is the frequency of the associated radia- 
tion. Whence it is evident that each unit cliange in n causes v to change 
by Av = h/^l, which gives rise to a spectrum of lines spaced at equal 
intervals of frequency. From the observed values of Av, / can be computed : 

I = h/A^^v = 1.66i/Av = S5.4 /(YA.i — 10'*® gem® 

the unit of X being 1 cm, and of v being 1 wave/sec. In other cases the 
procedure is somewhat similar. In every case 1 is the effective moment 
of inertia under the conditions characteristic of the vibrations by means 
of which it has been obtained , it differs from that pertaining to the static 
molecule.*'*’ An early review of the subject was published by A. Eucken,*® 
and a later one may be found m a monograph by C. Schaefer and 
F Matossi.** 

The absorption spectrum of water-vapor is so complex that until 
recently its interpretation has been very incomplete and subject to dispute, 
but the difficulties are now being rapidly overcome. Three different 
moments of inertia are involved, indicating tliat the atoms in a molecule 
he at the vertices of a triangle.*®’ *♦• *®* *® ** it. is. lo 20. 21 -pjje values 

of the moments of inertia as derived by F. Hund from the observations 
by Eucken *® have been much quoted and used , they are /a = 0 98, Ib = 
2 25, /o = 3 20 10-«»gcm®, or U = 0.59, In = 1.34, lo = 1.91 proton 
angstrom ® But probably the best values are those given by K. Freuden- 
berg and R. Mecke *^ and based on the structure of 17 water- vapor bands 
studied by Mecke and his associates. They are as follows, tlie unit being 
10“^® g cm® = 0 5969 m^A^, ntu indicating the mass of a hydrogen atom 

h = 0.996 -h 0045.7 + 0.02677 - 0098S 
/a = 1 908 + 0.01 4o- + 0.03377 - 0 034S 
h = 2.981 + 0.047a -b 0.06277 -t- 0 0628 
A = 0.077 - 0.012a + 0.00377 + 0.1948 

where As/g— {h + Is), and (a, 77 , 8) are the quantum integers involved 
in the vibration considered For the stationary (unvibrating) state they 
give /i = 1 009, /a = 1.901, I a = 2.908. 

The values found by P. Lueg and K, Hedfeld ®* from a study of 3 bands 
are I a = 097, Ib = 2.13, Jq = 3.07, but R. Mecke and W. Baumann*® 
think that the data they used are not satisfactory. 

I’Meclce, R., and Baumann, W., Phyni Z , 33, 833-835 (1932) 

K Frendenbe7g, K , and Hecke, R , Z. Phynk, 81, 465-481 (1933) 
u Eucken, A., Jakrb. d Radtoak., 1C. 361-411 (1920). 

7* Scliae{e7, C., and Matoaii, F., "Dot Ultrarole Spektnun," Berlin, Juliua Springer, 1930 
77 Witt, H, Z. Phynk, 28. 249-2SS (1924). 
u Mecke, R., Phynk. Z , 30, 907-910 (1929). 
uMahanti. P. C, Phynk. Z., 32, 108-110 (1931). 

*>> Mecke, R., Z. Phynk, U, 313-331 (1933). 

"Lueg, P., and Hedfeld. S.. Z. Pl^nk, 78, $13-520 (1932). 
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From the data available in 1927, R. T. Birge derived the following 
values for the OH-ion, h being taken as 6.557 lO -^ergsec and f as 2 99796 
10’®cm/sec; moment of inertia = 1.634 lO-^^gcm® at the upper state of 
excitation, and 1.500 at the lower, the corresponding separation of the 
nuclei being 1 022A and 0 979A On the same basis, but from more recent 
data, D Jack derived essentially the same values for the moments of 
inertia, i c., 1 633 and 1 498 10-“»gcm-. While from their own measure- 
ments of a newly discovered band, H. L. Johnston, D. H. Daw’son, and 
M, K. Walker derive for the states 2s and 2„ respectively, the values 
lO^o/ = 1 591 and 1.454 gcm^, and the separations 1.009A and 0.964A 
A review of the methods available for estimating the moments of inertia 
and certain related data has lieen published by A Eucken ' ’ , more detailed 
treatments may be found in various treatises, such as C. Schaefer and 
F. Matossi’s “Das Ultrarote Spectrum” The derivation of formulas 
required for the interpretation of the spectrum has been published by 
F. Lutgenieier,-’* II A Kramers and G P. Ittmann,^’ D. M. Dennison.^** 
and others. 

Dipole Moment of the Molecule of Water-vapor. 

Several distinct phenomena exhibited by some substances, but not by 
others, can be most satisfactorily explained by assuming that the molecules 
involved m them contain rigid, oi nearly rigid, electrical dipoles, the dis- 
tance between the poles being significantly less than the diameter of the 
molecule Water-vapor exhibits phenomena that can be explained m this 
W'ay Discussions of the general subject have been published by I’ Debye , 
and by the Faraday Society,'*" and of ccitain aspects of it by K S 
Mulhken.*^ 

In 1903, M. Reinganuni attributed mtermolecular forces to such 
dipoles, and on that assumption computed the moments that must be 
assigned to them for each of a number of liquids. But the magnitude of 
these moments can be obtained more directly from a study of the dielectric 
constants, as has been pointed out by P Debye 

He showed that if each molecule contains a rigid electrical dipole as 

"Hund, F, Z Phvstk, 31, 81-106 (1925) 

*» Birge, R T , Ini Cnt Tablet, 5, 415 (1929) 

••Jack, O, Proe Rov Sae. (London) (A), US, 647-654 (1928) 

* Tohnaton, H L, Dawson, D H, and Walker, M K, Pkyt Rev (2), 43, 473-480 (1933) 
-*(2), 43, 374 (A) (1933) 

•• Lutgemeier, F , Z Phyttk, 31, 251-263 (1926) 

« Kramers, H A. and Ittmann, G. F, Idem, S3, 553-565 (1929), 58, 217-231 (1929), 60, 663- 
681 (1930) 

S Dennison. D M. Rev Mod Phyttet, 3, 280-345 (1931) 

••Debye, P, “Handb d Radiol" (E Mark. Ed), 6, 597-786 (1925), “Polar Molecnles," 
New York Chemical C.italoRiie Co (Reinhold Publishing Corp ), 1929 
••The Faraday Society, Trans, 30, 679-904 (1934). 

•> Mulliken. R S . / Chem'l Pkyt , 3, 573 585 (1935). 

••Rcinganum, M. Ann d Pkyttk (4). 10, 334-353 (1903) 

••Debye, P, Pkytik Z, 13, 97-100, 295 (1912). 

•• Debye, P , “Polar Molecules," p 8, New York, Chemieal Catalog Co (Reinhold Publishing 
Corp), 1929 
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well as electrons that are elastically bound, relation ( 1 ) should be satisfied, 


€- 1 
€ + 2 



( 1 ) 


the intermolecular action of the fields due to the molecules themselves hcmg 
considered to a first approximation only. In this equation, e = dielectric 
constant, p = density, a and b are essentially positive constants character- 
istic of the substance, and T is the absolute temperature. The first term (o) 
depends upon the elastically bound electrons and determines the optical dis- 
persion of the substance, the second constant (&) depends upon the 
strength, or moment, of the dipole. If the electrical quantities are expressed 

in electrostatic units, then a — — — a and b = u®, where AT = num- 

3 M 9kM 

ber of molecules per mole. M = molecular weight, k = molecular gas- 
constant = R/N, R being the gas-constant per mole, p. = moment of the 
dipole, and a the moment induced by unit field The quantity ot is called 
the "polarizability" or the “deformability" of the molecule at s 
c®2p(m//)p where e = electronic charge. n„ = number, per molecule, of the 
elastically bound electrons for which the force of restitution is fp per unit 
displacement, and Sp = summation for all values of />. Wlien in an electro- 
static field of strength E, .such a molecule will have an induced electric 
moment of amount p! = aE. The value of a is related to the index of 
refraction (n) and to the density (p) as follows; ap = (n® — l)/(n® + 2). 

Taking the unit of p = 1 g/cm®, N — 6 06, X 10®® molecules per g-mole, 
M = 18.0154, = 1 372 10'^® erg per molecule and per °K(I C T values), 

we find for water-vapor ; 

10®'* a = 7 lOoegse units 
10®® /I = 5 40\/h cgse units 

R. Cans ®® has considered in greater detail the effect of the mtermolec- 
ular fields upon t ; and convenient methods for using the more complicated 
equations so obtained have been given by H Isnardi,®^ P Lertes,®* and 
C P. Smyth ®® But the simpler formulas given by Debye are amply accu- 
rate for our present purposes. 

The available data for water-vapor are shown in Figure 2, Section 22. 
(« — l)T/p being plotted against T. As (t + 2) is practically equal to 3, 
equation (1) requires that the points shall lie on a right line, sloping upward 
as T increases, and cutting the axis of ordinates at (e — 1)T /p = 36 The 
data published by J, D. Stranathan*® seem to be by far the most satis- 

K Rao, I R . Tndian T Phys 2, 435-465 (1928) 

MGass, R Ann d Phystk (4), <4, 481-512 (1921) 

” Isnardi, H , Physik Z , 22, 230-233 (1921) 

* Lertes, P . Z Phynk, 6. 257-268 (1921) 

<<• Smyth, C P, Phil Mat «<), 45, 849-864 (1923), / Am Chem Soc , 46, 2151-2166 (1924) 
wStranathan, J D, Phyi Rtv (2), 48, 538-549 (1935) -» 47, 794(A) (1935), extending 45, 
741 (1934). 
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factory. They lead to & = 1 149.6 7.8, living 

10“ /» = 1.83icg8e 

H = 0 383 dectron-angstrom 


Another recent .set of data is that by L. G. Groves and S. Sugden," 
leading to 10“/i = 1 84 =*= 0.01 cgse. 

Of earlier data, the most satisfactory set is that published by R. Sanger 
and O Steiger ; but the published details are not sufficient to enable one 
to form an independent estimate of the accuracy of the final results They 
lead to a value of 10^* /k lying between 1 84 and 1 88 cgse, a little greater 
than Stranathan’s value. 

The observations of C T. Zahn ■** are not inconsistent with these values 
for n, but are too scattered to justify an attempt to derive an independent 
value from them. The same is true of M. Jona's,^ which are admittedly 
affected by an unknown percentile error. 

The data of K. BMeker,^® though frequently quoted, and used by 
G Holst “ in his computation of /», are plainly in error and are worthless 
for that purpose, as they impose a negative value upon the essentially 
positive a 

Less directly obtained estimates have been made, based upon more or 
less questionable assumptions and in some cases involving rough empirical 
relations. Thus, G Holst “ has computed from Kamerlingh-Onnes’ equa- 
tion of state, as fitted to Jakob’s data for the density, the value 10'® fi — 26 
cgse : whereas J K. Syrkin has concluded that 10*® /a = 1 66T„it/(Fprit)^, 
the unit of P teing 1 atm, thus finding for water-vapor 10'® /t =073 cgse 
(Syrkin does not state what units he uses, but they seem to be as here 
given , however, certain of the relations that he gives appear to be mutually 
inconsistent, no matter what probable guess is made regarding the units ) 

A Kirrmann ^® has reviewed the various methods that have been pro- 
posed for estimating the value of ft, giving numerical values for various 
.substances and a bibliography of 42 entries Numerous errors occur in 
both tabulation and bibliography, and in at least some instances data derived 
from observations on the liquid phase by procedures now known to be 
incorrect are not distinguished from those derived satisfactorily from obser- 
vations on the corresponding gas phase A more recent table of dipole 


« Gtom-v T, G , and Sugden, S , J Clwm 5oc f London). »S5, 971-974 (1935) 

“Sanger a. and Rteij«0, Holo PJim i4cfa, I, 369-384 (1928), repuMiahed by Sanger, R , 
5?^200-2fo (1932)* (19301, and by Sanger, R , Steiger, O . and Gacbter, K , Helw Pkyr Aeta, 


«Zahn, C T, Phys Rtv (?), 27, 329-340 (1926) 

« Jom, M , Physik Z , 20, 14-21 (1919) 

“Badelter, K, Z phvnk Chrm . 36, 30S-33S (1901) 

“Holat, G, Proe Akad H'et Amilerdam, 19, 932-937 (1917) 
"Syrkin, J K, Z anorg allgem Chem , 174, 47-56 (1928) 
"Kirrmann. A. Kev gin du Sei , 39, 598-603 (1928) 
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moments, collected by N. V. Sidgwick, has been published by G. C. Hamp- 
son and R. J. G. Marsden.** 

Polarizability of the Molecule of Water-vapor. 

The term “polarizability” of the molecule is used by Debye to denote 
that portion of the molecular electric moment induced per unit electrical 
field as a result of the displacement of elastically bound electrons. It is the 
quantity already denoted by a, and is related to the a of equation ( 1 ) as 
follows’ a = (4irN/3Af)sc, which in the case of water-vapor becomes 
10®^ a = 7 lOo cgse units (see preceding topic; Dipole Moment) Both 
Raman and Rao call it the (mean) “deformabihty” of the molecule. The 
quantity a is related to the index of refraction (n) and the density (p) in this 
manner: ap = (m® — l)/(n® + 2) 

From the last stated relation, I R Rao*® has computed the value 
10®** = 1.50 cgse. From the a (0.224) derived from Stranathan’s obser- 
vations (1935) (Section 22), we find 

10®* * = 1 59 <^se 

« = 1 59 electron-angstrom per ( e/A®) field 
= 1.S9A® 

That is, if a molecule of water-vapor is placed in an electro-static field 
having n times the strength of the field that exists at the distance of 1 ang- 
strom (10'® cm) from an isolated electron (charge = e = 4774 X 10"*® 
cgse), then that field will induce m the molecule an electric moment 
equivalent to that of two charges of opposite signs, each equal to e, sepa- 
rated by the distance of 1.59« angstroms, n being assumed to be so small 
that the induced moment is sensibly proportional to the strength of the 
inducing field. 

This polarizability is generally ascribed almost exclusively to the oxygen. 
The polarization of the oxygen by its attendant hydrogens gives rise to a 
very significant negative component in the permanent dipole moment of the 
water-vapor molecule See P. Debye,®*' ®®+ and I. R. Rao.*® 

Anisotropy of the Molecule of Water-vapor, 

Light scattered at an angle of 90° by water-vapor, and by certain other 
gases and vapors, is not completely polarized This suggests that the 
polarization induced in the molecule by the incident light depends upon the 
orientation of the molecule, the latter being optically anisotropic Simi- 
larly, any existence of electric or of magnetic double refraction would 
indicate that the molecule is anisotropic with reference to those forces also 
For theoretical treatment of the subject, see T H Havelock®®; C. V 
Raman and K S Knshnan,®* F. Hund,®® and P. Debye ®® 

^ Hampson, G C, and Marsden, R J G, Trans Faraday Soc , 30, appendix. 86 pp (1934) 

“ Havelock. T H , Phi Mag (7), 3, 158-176 (1927) 

nHuun, C. V, and Knabnan, K. S, Idem, 713-723, 724-735 (1927). 
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If the electrical moments induced along the principal axes of the mole- 
cule by unit external fields parallel to those axes are A, B, and C, then, in 
the notation of Raman and of Rao 

S = factor measuring the anisotropy of the molecule = 

A» + B^ + C^- (AB + BC + C A ) 

(A + B + C)“ 

r = depolarization factor = ratio of the weaker plane-polarized com- 
ponent of the transversely scattered light to the stronger one. 

A,B,C = deformabihties of the molecule. 

a,b,c = deformabilities of the atom or ion 

a = (mean) deformahihty of the molecule = ^ ^ ” ~ 

index of refraction, A^i = numher of molecules per unit volume Debye 
calls a the polarizability. 

When magnetic anisotropy is to lie considered, the components of the 
suscqitibility (or magnetic deformahihty) are referred to the same axes as 
A, B. and C, and are commonly denoted by A’, B', and C Similarly m 
other cases 

For water-vapor, B = C, approximately, whence, writing ^^A/C, B = 

^ 2(A-1)“ A-\-2C 

\ A + 2/ ’ “ 4(A - !)--!- 5(2A -1- 1)' “ “ 3 ^ V 3 y* 

I R Rao « found r =■ 0 0191 . ro = 0 0199 , 8 = 0 0166 at 120 “C, ro being 
the value corresponding to a very low density In a later paper Rao 
suggested that the atoms and ions may themselves lie anisotropic, and con- 
cluded that the anisotropy of O'” is greater in HbO tlian m CO 2 , and “seems 
to be anomalous ” He attributed tlie entire anisotropy of HsO to the O ', 
and gave for it A = .,4/C = a/c = 1 45 to 1 53. 

All of this refers to the optical anisotrojiy of the molecule There 
appears to he no available data from which the magnetic anisotropy of a 
molecule of water- vapor can be computed 

It should be remarked that the notation in this field is confused For 
example, S. W Clnnchalkar defines the optical anisotropy as 

{A-B)- + cy -b (C - Ay 
(A -b B -b C)* 


vjVucVv Wtce tVte \a\\ie vtstd \s^ "Raman ani Rao. 

•■Hiind, F, F Phvrtk. 43» 805 826 (I927> 

“ Rao, I R , Idem, 2, 435-465 (1928) 

“Chinchalkar, S W, Itidtan 1 Phye . f, 165-179 (1931). 
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Models of the Molecule of Water-vapor. 

Descriptive models of the molecule have been derived from chemical 
data. These need not detain us beyond mentioning that C. Fnedel,®^ 
J. W. Bruhl,®* H. E. Armstrong,®® T M. Lowry and H. Burgess,®® 
J. Piccard,®^ C. P. Smyth,®- M. Smith,®® M L. Huggins,®* and others have 
presented reasons for supposing that oxygen is tetravalent, that the elec- 
trons of the oxygen atom have a tetrahedral distribution about the nucleus, 
and that the HaO-molecule is a tetrahedron, two of its vertices being occu- 
pied by H and two by electrons serving as bonds for secondary valencies. 

On this basis, S W. Pennycuick ®® has constructed models for ice and 
for water. 

Another mode of approach is by way of physical data This leads to 
numerical results and to an idea of the probable stability of the model pro- 
posed. Only two types of model are possible Either the three molecules 
he in a straight line, or they do not , the first gives a linear, and the second 
a triangular model The latter is in qualitative accord with that mentioned 
in a preceding paragraph. 

It may be shown that the linear model is either non-polar or 
unstable ®*' *“> Hence this model, which was considered by T. H. Have- 
lock ®® and proposed by F. J v. Wisniewski,®* must be condemned, as we 
know that the ifjO-nioIecule is polar (see Dipole Moment, p 46). 

The triangular model is stable ** '^® if the triangle is isosceles, the 
oxygen being at the unique vertex, and if the oxygen is so polarizable that 
«/r* > 1/8, where r is the distance from the nucleus of the oxygen atom 
to that of either hydrogen atom, and * is the polarizability (p 47). 
Furthermore, if the unique internal angle of the triangle is 29, a = (1/8) 
(r/sin6)®= (.r^/b)"* and the total electric moment of the molecule is 
jjL = 2ercosfl(l — 1/8 sin® ^) = 2ca(l —r'/b'*), where a is the altitude of 
the triangle, and b the base. 

Such a triangular arrangement has been discussed by W. Heisen- 
berg,®^ M. Born and W. Heisenlxirg,®® F Hund,®® T. H. Havelock,®® 
P. Debye,®*- ®® ®® A S Coohdge,*® and others. Regarded as a rigid 
body, it has three principal moments of inertia • la about the axis along a. 
If, about that parallel to b and passing through the center of mass of the 
system, and about the axis perpendicular to the plane of the three atoms 

nFnedel, C, Bull. Soc Chitn de France (NS). 24, 160-169, 241-250 (1875) 

“Bruhl, J. W., Ber deal ckem Get, 28, 2866-2868 (1895) <-^. pkyttk Ckem , 18. 514-518 
(1895); Ber. dent ckem Get, 30, 162-172 (1897) 

••AnnstTong, H. E, Compt rend. 174, 1892-1894 (1923). 

“Lowry, T. M, and Burgess. H, J. Chem Soe. (London), 123, 2111-2124 (1923) 

“Piccard, J., Httv. Chm. Acta, 7, 800-802 (1924) 

“ Smyth, C. P , Pkit Mag (6), 47, 530-544 C1S>24) 

" Smith, M , "Chemistry and Atomic Structure," 1924 
“Huggins, M L, Pkyt Rev (2), 27, 286 297 (1926) 

“Pennycuick, S W, J Pkys*l Ckem. 32, 1681-1696 (1928) 

“ T. Wisniewski, F J , Z, Pkynk, 47, 567-588 (1928) 

"Heisenberg, W, Z Pkyttk. 24, 196-204 (1924) 

• Bora, M., and Heisenberg, W , Idem, 23, 388-410 (1924) 

“Coolidge, A S, Pkyt Rev (2), 42, 187-209 (1932) 
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and passing through the center of mass. If ilf = mass of an oxygen 
atom = 26.40 lO'^^g, m = that of a hydrogen atom = 1 676 10'®*g, and a 
and b are expressed m centimeters, tlien /o = 0 Smb^ = 0 838&^ cm^ ; 

It s 2Mm a^/^M + 2m) = 2.974a- 10‘“*g-cm'‘ , and Ie = Ia + h- Whence, 
10-»>'a = 0.580(/»)<» », = 1.092(/a)" tan = b/2a = 0 942 (/.//i)®-®. 

Spectral data show that the molecule H 2 O has indeed three prinapal 
moments of inertia, and furnish the means for determining their values 
(Tables 64 and 65). The largest is evidently 7®, but it is not obvious 
which of the others should be assigned to la- Of the two possibilities, that 
which assigns the smaller value to 7® gives 6 the smaller value, but neither 
assignment leads to values of a and /t, computed by means of the Debye 
formulas just given, that accord with the experimental values (see Table 
16). Indeed, W. G. Penney and G B B M. Sutherland have concluded 
that attempts to obtain the exact form of the molecule from spectroscopic 
data are unprofitable But numerous attempts of that kind have been 
made. From them it was at first concluded that 7®, and therefore 6, should 
have the smaller of the two possible values, this choice yielding values of 

Table 16. — Constants of the Triangular Model of HgO 

The atoms are at the vertices of an isosceles triangle, the O being at the 
unique vertex of angle 26, a = altitude, b = base joining the two H’s, 
r = slant height of the triangle The principal moments of inertia are 7® 
about the axis parallel to a, 7® about that parallel to b, and 7® about that 
perpendicular to the plane of the triangle, all three axes passing through the 
center of mass of the system. For a rigid system 7® = 7® + 7®, for a non- 
rigid system, 7® = 7® + 7® for the unvibrating molecule, and 7® = 7® -|- 7® -|- 
A for the vibrating molecule The I’s, being obtained from spectroscopic 
data, refer to tlie vibrating molecule and A is a positive quantity, generally 
differing from zero In that case, Mccke and his associates derived 6 from 
the values of 7® and 7®, but r from 7i + A and I2, regarding 7i + A as play- 
ing the part played by lx m the static molecule , here h is the smaller and I 2 
is the greater of the moments 7® and 7® For the static molecule H 2 O 
and cgs-units, 10 -W = 0 33647®, = 1.1947®, IQ-^V = 0 33647® -H 

0.29857®, tan® = 0.9416(7®/76)®®, for the associated triangle obtained by 
interchanging the values assigned to 7® and 7®, the elements are a' = 6/1.884, 

6' = 1 884a, r' = r 1 1269 - 0 2395^“^ j” *, tan ^ = 0 8873 cot 6. Until 

recently, it was not obvious from the spectral data which of the two smaller 
moments should lie assigned to 7®, but Mecke has concluded that 7® must be 
the smaller, which makes 26 > 90°. Previously, the other choice was pre- 
ferred. The constants of both of the possible triangles are here tabulated , 
some of them have been computed by the compiler from the data given in 
the sources indicated. 

« Penney, W. G , and Sutherland, G B B. M , Proc Roy Soc (Lendon) (A), 156, 654-678 
(1936). 
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Table 16 — (Contmued) 


The polarizability (a) and the dipole moment (/*) as computed from 
these values by means of Debye’s formulas (see p. 51) a = ju = 

2ea [1 — (r/b)®], do not agree with the observed values For the obtuse- 
angled triangles 10®* * vanes from 0 2 to 0.3 cm® and 10^® n from 3 9 to 
4.4 cgse; for the acute-angled ones, 10®* a varies from 03 to 1 cm®, and 
10^®/* from 0.7 to 3.2 cgse. The observed values are 10®* a = 1.59 cm®, 


10 *®,* = 

183 

Cgse. 

Umt of fa 

BM0I* 

a, b 10- 

-Bern"* lA 



Source* 

' 0 

r 

a 

b ' 


r 

a 

b 

PM 

52.3' 

■ 0.952 

0 583 

1.507 

34.5“ 

0.969 

0.800 

1.098 

PM' 

S2.5‘ 

0.965 

0 601 

1.S09 

34.2* 

0 982 

0 801 

1 132 

LH 

54 5 

0 98 

0.57 

1 6 

32 3 

1.00 

0 849 

1.074 

VC 

50 

1.00 

0 64 

1 53 

36 7 

1.01 

0 812 

1.206 

EH 

55 2 

1.00 

0 57 

1.64 

31.7 

1.02 

0.870 

1.074 

BS 

55 

102 

0 58 

1 67 

32 

107 

0.91 

1.13 

W 

56 

0.99 

0.55 

1 63 

30 9 

102 

0 865 

1036 

M 48 

Pd 60 

H S7.S 

* Sonrees 

0 86 

0 58 

1.28 

38 6 

0.87 

0 680 

1.093 


EH 
ES 
' FM 

FM' 

LH 

u 

Pd 

■PI 

VC 

W 


= A Eucken >« and F Hund «• , 7 = 0 98. / = 2 25, 7 - 3.20 10-« g cm* 
= E Eucken, » R Sineer, and O Steiger 
~ K Freundenberg and R bCecke t* Stationary state, 

10-« B-cm* 


7i = 1 009, 7a = 1 901, 7s = 2 908 

Same as FM except that it is for the vibrating state <r = v 7i = 0 906, 7i = 1 908, 

7a = 2 981, 7s— (7i + 7s) “ 0 077, 9 is derived from 7, = 0 996 and 7a == 1 908, r, a, 
and b from 7,' = 0 996 -h 0 077 = 1 073 and 7, ■= 1 908 


= P. Lueg and K Hedfeld ** 

•= R. Mecke « 

“J. Piccard.® 

= E K. Plyler « 

“ J H. van Vleck and P C Cross " 

Spectra] data of H Witt ™, 7i = 0 91, 7a = 2 23, 7, = 3 14, the values of the 7 ’b and of the 
data in the table were computed by the compiler 


* From observations on the spectrum of laterally scattered light, J Cabannes and 
A. Rousset" infer that 29 foC'')! is about 23", whith does not agree with the other 
values. 

* Here the 9 was computed from the /i = 0 996 and It = 1,S>08, while a, b, and r 
were computed from h' = h + 0 077 = 1 073 and /a = I 908, which corresponds to 
another value of 9 


a and fi that are the nearer to the experimental ones But from an extended 
mathematical treatment J C. Slater ” has concluded that if the triangular 
configuration is to be in equilibrium, 6 must slightly exceed 45°, which lies 

"Slater, J C, Phys Rev (2), 38, 1109-1144 (1931) 

« Wilson, E B. Jr, 7 Chem'l Phye , 4 , SZ6-528 (1936), Randall, H. M, Dennison, D H. 
Ginsburg, N , and Weber, L R , Phye Rev (2), 52, 160-174 (1937) 

" Mulliken, R S , Phys Rev (2), 40, 55-62 (1932) 

"Mulliken, R S, 7 Chem'l Phys , 1. 492-503 (1933). Idem. 3, 506-514, 586-591 (1935) 

«• Hund. F , Z Phystk, 32, 1-19 (1925). 

«Hecke, R, Phystk Z. 30, 907-910 (1929) 

"Plyler, E K., Phys Rev (2), 38. 1784 (L) (1931), 39, 77-82 (1932) 

"van Vleck, J H, and Cross, P C, 7 Chem’l Phys , 1, 357-361 (1933) 

"Witt, H, Z Phystk, 28, 249-255 (1924) 

"Cabannes, J., and Rousset, A, Cempt rend, IM, 706-708 (1932) 
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between the two values fixed by the I’s, and nearer the larger one. From 
spectral data, Mecke ’■* likewise concluded that only the larger value of 
the angle is satisfactory Several sets of values that have been assigned 
to the elements of the triangular model are given m Table 16. 

So far we have proceeded as if the molecule were rigid. It is not. 
Rotation causes distortion which is sufficient to produce marked spectro- 
scopic effects under certain conditions 

The view now coming into favor is that of R S. Mulliken,^® who writes : 
"In general no attempt is made to treat the molecule as consisting o/ atoms 
or ions. Attempts to regard a molecule as consisting of specific atomic 
or ionic units held together by discrete numbers of bonding electrons or 
electron-pairs are considered as more or less meaningless, except as an 
approximation in special cases, or as a method of calculation. ... A mole- 
cule is here regarded as a set of nuclei, around each of which is grouped an 
electron configuration closely similar to that of a free atom in an external 
field, except that the outer parts of the electron configurations surrounding 
each nucleus usually lielong, in part, jointly to two or more nuclei. 

The symmetry of the water molecule is that of an isosceles triangle, and 
the electron configuration, in spectroscopic notation, is given by him as 
\s^2s^2pa-2pb~2pc^ “The order m which the symbols are written is that 
of decreasing firmness of binding ” See also his article on electronic 
structure.’^ 

Association of the Molecules of Water-vapor. 

Far from saturation, water- vapor behaves like an ideal gas with mole- 
cules of the composition HjO 

As saturation is approached, both the density and the specific heat of 
water-vapor increase w'lth abnormal rapidity, which indicates something of 
the nature of an association that increases as saturation is approached The 
amount of association cannot be great, however, for the total departure of 
the density from that of an ideal gas is only a few per cent unless the 
pressure is high (see .Section 14) The correct interpretation of these 
observations is difficult and not without a considerable degree of arbitrari- 
ness, as similar effects arise from the intermolecular forces that are taken 
into account by van der Waals’ equation of state, though molecular aggre- 
gations caused by them are generally thought to be too transitory to be 
considered as associated molecules Whether this distinction is justified 
is not entirely clear. As a result, interpretations differ, and it is necessary 
to consider in each case the assumptions on which the interpretation rests 
In reference to the general subject, papers by J W. Ellis and by E J. M 
Honigmann are of interest. 

It is generally assumed that if there is an association, the composition 
of the vapor is indicated by the expression (1 — x)H 20 -t- 4 '(H 20 ) 2 , 

“EIH*. J. W, Phys Rev (2), 31, 693-698 (19311. 

Honiffinami, E J M » Die NatHrnnss , 20i 635-638 (1932). 
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X being the fraction of the molecules which are double. The ratio of the 
mass of double molecules to the total mass of vapor is 2x/{\ + x) 

From his observations at pressures not exceeding 80 per cent of that 
corresponding to saturation, and generally much lower, T. Shirai con- 
cluded that X =0, he also concluded that the high values of x that had 
been computed by E Bose “ are not acceptable. The latter conclusion is 
reached also by A. W. C Menzies.®* Much earlier, S. Weber had con- 
cluded that the molecular w'eight of water-vapor is 20 at —80 °C, and 
M. Knudsen®® that it was 21.1 at —75 °C 

Assuming that the entire departure of the density of water-vapor from 
that of the ideal gas of molecular weight 180154 is due to the presence of 
double molecules, changing in number with the temperature and the pres- 
sure, H. Levy constructed an equation of state which satisfactorily repre- 
sented the available data for the density and the specific heat, and 
W Nernst ** derived in the same manner the extent of the association in the 
saturated vapor. 

On the same assumption, but by a different procedure, A Battelh ®® had 
previously derived from his own observations corresponding, but markedly 
different, values, those for the higher temperatures being impossible. 

H. L. Callendar concluded that the density of superheated water- 
vapor can be expressed by an equation of state of the form p(v — b) — 
RT — Vcp, in which v, = 26 3(373/r)’®'® cm®/g. He calls Ve the “coaggre- 
gation volume,” but does not interpret it more particularly ; he takes b = 
1 cm®/g. If Vo is interpreted as the amount by which the specific volume 
IS reduced by the formation of (H20)2 from HgO, then x = Vo/iy — b), 
M, Jakob has discussed Callendar ’s ideas and theory in some detail,®’ and 
so has J H. Awbery.®’* 

O. Maass and J H Mennie,*® following a different procedure, found 
still other values. 

Values of x corresponding to each of tliese several procedures are given 
in Table 17. 

In a short note presented before the American Physical Society, H. T. 
Barnes and W. S Vipond announced observations indicating that the 

« Shirai, T , Ball Ckem. Soc , Japan, 3, 37-40 (1927). 

" Bose, E , Z Blfktrachem , 14, 269-271 (1908). 

“Menzies, A W C, 7 Xm Chem Soc. 43, 851-857 (1921) 

•“Weber, S, Comm Phys Lab, Leiden, 150, 3-52 (1915). 

•• Koudsen, M, Ann d Physik (4), 44, 525-536 (1914) 
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■•Callendar, H. L., ‘^Properties of Steam," 1920. 
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"lee Enffmeering," pp. 32-33, Montreal, Renouf Fubl Co , 1928. 
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vapor arising from dry ice is initially polymerized to the same extent as ice 
itself, but quickly breaks down to water-vapor of the usual type, with the 
absorption of about 80 calories of heat per gram (335 joules/g).** It seems 
that the details of this work have not been published. No other article 
suggesting anything of the kind has come to the compiler’s attention. 

From a study of the variation in the Raman spectrum with the density 
and temperature, S. A Ukhohn®® has concluded that the molecules of 
water-vapor vibrate as if uninfluenced by their neighbors if the mean dis- 
tance between them exceeds lOA (0001 /i), corresponding to a density of 
0 03 g/cm®. But if the mean distance does not exceed 8A (p ^ 0.06 g/cm®) 
then there is an interaction , some of the molecules remain in the immediate 
vicinity of others for an interval that is long as compared with the period 
of the spectral vibration. 


Table 17. — Estimates of the Extent of the Ifolecular Association 
of Saturated Water-vapor 

(See text* for references and remarks) 

The composition of the vajxir is assumed to be (1 — .*‘)H20 + 
jir(H 20 ) 2 , 2.r/(l -i- x) and (1 — ;r)/(l -t- x) being the fractions of the 
total mass that consist of double and of single molecules, respectively. 


Temperature • < ®C 


Sout«e-» 

BatteUi 

]89i 

Nernst 

2909 

Cftllendar 

Maass and 
Mennie* 1926 

0 

06 

005 

004 


10 

07 

0.08 

0 06 


20 

10 

0.14 

0 10 


50 

1 2 

041 

0.35 


98 



1.6» 

0.9S- 

100 

18 

1 75 

1.6 


108 



1.4» 

0 71* 

200 

77 


9.5 


350 

>200 


60. 



* I*reuure is 1 atm 

*For the very high estimates at —70 to —80 ”C. by Knudsen and by Weber see p 55 


10. Interaction of Water-vapor and Corpuscular Radiation 

Alpha Particles.* 

In vvater-vapor, the range of the alpha particles from polonium is 0 77 
times their range in air at the same temperature and pressure.*® As their 
range in air at 0 °C and 1 atm is 3 72 cm and varies inversely as the den- 
sity, their range in water-vapor at T °K and a pressure of p mm-Hg is 

*Data from Kleeman, R. D, Int. Cnt. Tables, 1, 370 (1926). 

^Ulilioliii, S A, Compt rend Acad Sn, URSS, 16, 395-398 (1937) 

■• t . d. Marwe, C. W.. PHd Mat. (6), 45, 379-381 (1923). 

•• Gciter, H., Z. PJkynk, 8 , 45-57 (1921). 
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R — 7 SST/p cm. Whence have been computed the following ranges (/? ) 
in water-vapor saturated at the temperature t : 

/ 0 15 20 25 50 100 *C 

R* 476 180 133 100 27.9 3.92 cm 

* More recent observations “ indicate that the range of these particles in air at 0 °C 
and 1 atm is 3.690 0.005 cm ; hence R for water-vapor is in each case 0.81 per cent 

smaller than the value here tabulated. 

£lectros8.t 

When an electron strikes a molecule it may become attached to it, if the 
velocity of the electron is low, forming a negative ion ; but if that velocity 
IS great, the molecule is more or less disrupted, or lomzed, and radiation 
may be emitted. 

Ionization potential and energy. — The energy required to ionize a 
molecule is generally expressed m terms of the potential difference (/) 
through whicli an dectron must pass in order to be able to cause the 
lomzation. That difference 1 is called the ionizing, or ionization, potential. 
If / IS expressed m volts, the energy required for the ionization is I dec- 
tron-volts = 1.59/ X 10"^® joule per ionized molecule = 96.4 /kj (= 23.0 
I kcal) per gfw-HjO. 

When water-vapor is bombarded by electrons, ions of numerous types 
are formed, depending upon the energy of the electrons. As this was not 
at first recognized, and the nature of Ae ions formed was not determined, 
it is not surprising that some marked differences exist between the values 
of the ionization potential reported by the various early workers. 

Finding that the transfer A+ + H 2 O -> HjO* 4- A occurs so readily 
that it is impossible to diminate tlie ion H 2 O* however carefully the argon 
IS dried, H. D. Smyth and E. C. G. Stueckelberg concluded that either 
there is another ionization potential (well above 13 volts) corresponding 
to the removal of a different dectron, or the collision in this case occasions 
an exatation to a higher levd than that corresponding to ionization by 
dectron impact. They were indined to the second view, but at a later date 
Smyth ®® preferred the first. 

The energies required for removing the several individual electrons 
from H 2 O have been estimated by R. S. Mulhken to be as follows, the 
dectrons being designated m accordance with the notation currently used 
by spectroscopists : 2pc, 13.2 electron-volts (observed); 2pb, 2pa, and 2s, 
16, 17 and 30 electron-volts, respectively; see also R. S. Mulhken.^®® 

t See also Ionic Dusocxatton, Sections 7 and 8 

MKurie, F N. D, Phyt Rev, (2), 41, 701-707 (1932) 

» Smyth, H. D, Rev. Modem Phye , 3, 347-391 (384, 389) (1931). 

“• Mohler, F. L , Int. Cnt Tablet, 6, 72 (1929). 

naMackay, C A., Phyt. Rev (2), 34, 316-329 (1924), Phtl. Mae (6), 66, 828-83S (1923). 

»• Barton, H. A., and Bartlett, J H., Jr, Phyt. Rev. (2), 31, 822-826 -> 154.155 (A) (1928). 

ue Smyth, H. D., Rev. Modem Phyt, 3, 347-391 (385) (1931) 

Smyth, H. D., and Stueckelberz, £. C G , Phyt. Rev. (2), 32, 779-783 (1928). 

xoUulliken, R. S., Phyt. Rev. (2), 40. 55-62 (1932). 
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Table 18. — Ionization Potential and Energy: Water-vapor 

1 — ionization potential, E = ionization energy, each for the particular 
ion indicated ; Int = relative intensity of the indicated ionization when the 
pressure is about 0 5 /t-Hg ( = 00005 mm-Hg) and the speed of the elec- 
trons IS that generated hy a potential difference of 50 volts 

The data credited to S, MS, B, and L are those given by H D. Smyth ®® 
as a result of his study of all the pertinent information available in June, 
1931. SM states that the intensity of HsO* is approximately proportional 
to the square of the pressure , that of the other ions to the first power of the 
pressure. 

Unit of / — 1 volt, of £ •« 10 )cj/gfw-H»0 


Ion 

Int 

/ 

B 

Process 

Ref « 

HrfD+ 

! 

13‘ 

126 

H,0-*H,0+ 

s 

H,0+ 

1000 

12 7 (13 3, 14 2, 15 0) 16 0 

122-154 


SM 

OH+ 

200 

18 9 

182 

H,0— H +OH+ 

SM 

OH+ 


17.3* 

167 


MS 

H,0+ 

200 

Same as HjO+ 

122-154 

H.O++ H.O -► HrfD++ OH 

SM 

H,0+ 


13 0 

126 


MS 

H+ 

200 

ns, 18 9 

130, 182 

H — H+: H,0 -» H++ OH 

SM 

H+ 


19.2 

185 


B 

0+ 

20 

18 5 

178 

H,0 — H, + 0+ 

SM 

o,+ 

6 



o. -* o,+ 

SM 

H,+ 

5 

33.5 

323 

H.O H,+ + 0+ 

SM 

OH- 


4 



SM 

0- 


• 



SM 

H- 


6 6. 8 8^ 

64. 85 


L 

Heat of fonnation of HjO 

24 




Ricent detnmtnattons c/ / 


Prom spectroscopic data 


16.5 

H 

124 

6.92 9.2 

12.9 

12.56 -e 0.02 

16.7 17 8 24 5 

R 

P 

SB 

By electron impact 

12.59 i- 0.05 


760 

10 15 12 35 13.55 

16.75 

TW 


• Kef* u nces 

U Bleikney Crenurted by Lozier, qv) 

H Uciiiimg. 11 I , Ann d i*hys\k, (5), U, 599>62U (1932) 

L Loner, W W , Phys Rev (2), 3^ 1417-1418 (1930) 

MS Mueller, D W , and Sniytfa, H U, Idem, 38, 1920 (A) (1931) 

P Price, W C, J Cliem’i Phyt , 4 , 147-153 (1936) 

R Ratheiiau, (j , A Pkytik, 87, 32-56 (1933) 

S Sin>th. H D , Rev Modern Phys, 3, 347 391 (384, 389) (1931) 

SB Smith, L O, and Bleakne>, W, Phys Rev (2), 49 , 883 (A) (1936) 

SM Smyth. 11 U, and Mueller, D W, Idem, 43, 116-120 (1933) /dem, 42, 902 (A) 
(1932) 

TW Thorle). N, and Whiddington, R, Proc Leeds Phil Lit Soc (Sc%), 3, 265-269 
(1936) 

• F. L. Mohler^<* gives 13 2 volts on basis of observations by C A Mackay.^^ 

• HA Barton and J H Bartlett, reported 13 volts 

^ SM states that OH~ first appears for />15 volts, as / increases, the intensity of OH- 
iiicr<.ases to a maximum, then decreases nearly to zero at 25 volts, then increases indefinitely 

• SM states that as / increases, 0* first appears at 22 ^ 3 volts, increases to a maximum near 
31 ^ 4 volts, then decreases, to rise again at 36 ^ 4 volts 

f Lozier could And H* only when / was very close to either 6 6 or 8 8 volts **Tbe significance 
of this remarkable result is not yet clear SM found 7 9 volts for H~, they regard this as prob- 
ably an unresolved combination of the two observed by L 


MulUken, R S., / Chemfl Phys , 3, S06-S14 (1935) 

^a^Gaviola, E, and Wood, R W, Phd, Mag (T), 6, 1191-1210 (1928). 
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E. Gaviola and R. W. Wood have concluded that about S 2, and not less 
than 4 9, electron-volts are required to dissociate HoO into H and OH. 
See also von Bishop,*®* Grinfeld,*®* and Townsend **® 

Ionization by accelerated electrons. — The number («) of pairs of 
ions produced per cm of path by each electron of a stream driven through 

Table 19. — Ionization of Water-vapor by Accelerated Electrons: 

Strong Fields 

Adapted from the compilation by O Stuhiman, Jr from 
J S. Townsend.**® 

a = number of pairs of ions produced ( = number of electrons freed) 
by each electron per cm of path in an applied uniform field of X volts/cm. 
the pressure of the vapor being p mm-Hg Room temperature Town- 
send derives the formula (.oi/p)c = 12 9 e--*® 


X/p 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

ap 

t 31 

3 6 

5 2 

6 35 

72 

7 95 

85 

90 

94 

9.7 

MP) 

0 71 

30 

49 

6 25 

72 

7 96 

8 54 

89 

9 35 

97 


Table 20. — Miscellaneous Data for the Interaction of Accelerated 

Electrons with Water-vapor: Weak Fields 

• 

N. E Bradbury and H E Tatel **® have reported that if p does not 
exceed 3 mm-Hg then no negative ions are formed if X/p is less than 
10 (volt/cm) per mm-Hg. but that at higher values of p such ions are 
formed at lower values oi X/p 

The following data are from V A Bailey and W. E. Duncanson **'* 
The electrons move in a uniform field of strength X; h is the probability 
of an electron’s becoming attached to a molecule with which it collides . 
k is ratio of mean energy of agitation of the electrons to that of the mole- 
cules; L IS mean free path of an electron when the p'^essure (/>) of the 
vapor is 1 mm-Hg , « is mean veloaty of agitation of the electrons , W is 
their mean energy, and w their mean velocity of drift , is the probability 
of attachment in the inteival of time required for the electron to move 1 cm 
along the direction of X ; A, is the electron's fractional loss of energy during 
a collision with a molecule 

Unit of X - 1 volt/cm, of ? - 1 mm-Hg, of - 1 in 100, of » - I to 1 . of w and « - 1 km/»«c; of W - 1 
election volt, of i * 1 of X * 1%, of A * 1 in 10000. 


X/p 

fi/P 

k 

V 

W 

» 

/ 

X 

h 

12 

1.5 

32 

27 

014 

221 

37 

4 23 

0.06 

14 

2.2 

68 

44 

0 21 

272 

48 

4.18 

0.19 

16 

17 

7.2 

39 

0J2 

337 

63 

4.00 

1.3 

20 

23 

17 

56 

0 70 

498 

107 

3.69 

3.0 

24 

23 

40 

84 

1J7 

700 

165 

3.28 

45 

32 

25 

49 

96 

1.81 

804 

169 

3.52 

5.0 


><»von Bishop, E S, Phynk Z., 12, 1148-1157 (1911) 

"•Gnnfdd. R, Umv Noe. LaPlata. EtM Cten Fit. Mot, 4, 283-293 (No. 82) (1928); 4, 415- 
426 (No. 86) (1928) 1 Phynk. Z., 31, 247-2S2 (1930) 
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a gas by a uniform field (X) of sufficient strength to cause one electron 
to dislodge another from a molecule which it strikes varies with the density 
of the gas, but not otherwise with the temperature. If the pressure of the 
gas is p, then, at any given temperature, a/p depends solely upon X/p 
TTie factor by which the number of electrons in the stream is multiplied for 
each cm of its path is e“, the number at the end of a path x cm long being 
M = no^". 

If the field is weak, the velocity of the impinging electron will be too 
low to dislodge another from the molecule, and it may itself be caught, 
forming a negative ion. 

Excited Atoms and Molecules. 

A* + HaO -♦ HaO* + A, and HaO* + Oa Oa* + HaO 

Collisions of excited Hg-atoms in the resonance level 2*Pi with normal 
water-vapor molecules may lead to several different processes In most 
cases the Hg-atom is thrown down to the metastable 2®Po level, m a few 
cases (about 1 in 10000 collisions) the H 3 O moleaile is dissociated into 
H and OH, and in some cases (less than 1 in 1000) the complex quasi- 
molecule Hg-HaO is formed The last dissociates, emitting a continuous 
band at 2800A See also 

Mobility of Ions in Water-vapor. 

The mobility (K) of an ion is its velocity of migration per unit field 
intensity. Over a wide range of densities, the product of K multiplied by 
the density is a constant for a given gas The quantity Ko satisfying the 

formula Ko — K , where K is the mobility observed at T “K and a 

T 

pressure of p atmospheres, has been called the “mobility constant” of the 
gas The values found for Kn are rather discordant, and opinions differ 
regarding the interpretation of the observed data From recent data, it 
has been concluded that the mobility constant for normal ions in water- 
vapor IS Xfl = 0 62 cm sec'^ per volt cm"^ for the positive ion and 0 56 for 
the negative, but it is probable that each value should be increased hv 
20 per cent Numerical values are from L B Loeb and A M Cravath 

H A Erick.son finds that the molecule of HaO in air gives up an 
electron to the final positive air ion, and thus forms an HaO* ion of greater 
mobility ; and that the reciprocal of the mobility of negative ions in moist 
air is linear in the relative humidity 

Townsend. T S • '*Theor 3 r of Ionization of Gases by Odhsion/* London, Constable, 1910 
utStnhlman, O, Jr.. Ini Crtt TabUs, (.121 <1929) From Bisbop, E S, Phy-ttk Z , 12. 1148- 
1157 (1911). 

Bradbury. N. E. and Tatd. H E . /• Ckem*l Phys, 2, 835-839 (1934) 

>>*Bafley. V A. and Duncanson, W. E. Pint Mug (7) 10. 145-160 (1930). 
us SenftldMa. H , and Rebren, I, Z Phyu%k, 37. 529>S38 (1926), and Bates. J R, and Taylor, 
H. S, /. Am Chem Soe , 49. 2438-2456 (1927). 
auLodi, L. B.. Int, Crit. TabUs, 6, 111 (1929) 
usixidi, I.. B , and Cravath, A M , Phyt Rev (2), 27. 811-812 (1926) 
ut Erickson, H A, Idem, 32. 792-794 (1928). 
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S. Chapman has reported that when water is sprayed or when air is 
bubbled through water, ions of various mobilities are produced. When 
the numbers of ions are plotted against their mobilities one obtains as a 
background a broad Sat curve with its maximum betwen the mobilities 0.05 
and 0.10 cm/sec per (volt/cm), on which are superposed a number of 
peaks. In the sprayed liquid there are the same number of carriers of 
each sign, and the peaks occur at the mobilities 1 . 2 , 0 . 3 , and 0.2 for the 
negative carriers, and at 0.5 and 0.22 for the positive (first paper), or 1.5 
for the negative and 0.9 for the positive (third paper). When air is 
bubbled through the liquid, the negative earners are twice as numerous as 
the positive if the air tube is a small capillary, and 100 times as numerous 
if the tube is 12 mm m diameter (fourth paper) , and the peaks occur at 
mobilities 1.2 and 0.25 for the negative and 0.7 and 0 3 for the positive 
(second paper), 1.5 and 0.3 for negative and 0.9 and 0 4 for positive (third 
paper), 1.9, 1.1, and 0.4 for negative and 1.1 and 04 for positive (fourth 
paper). 

11. Viscosity of Water-vapok * 

Four extended, but in part disagreeing, series of observations on the 
viscosity ( 7 ) of water-vapor have been reported. U. bpeyerer (1925), 
range 1 to 10 kg^/cm^* 107 to 347 “C; W. Schiller (1934), 1 to 30 kg*/cm", 
100 to 300 °C; K. Sigwart (1936), 25 to 270 kgVcm-*, 276 to 383 “C; and 
G. A. Hawkins, H. L. Solberg, and A. A. Potter (1935), 1 to 247 kg*/cm®, 
218 to 542 °C. Internal evidence indicates tliat the last is not satisfactory ; 
for example, the effect of eddies in the wake of the falling body has been 
entirely ignored, although it must have been very perceptible in certain 
cases, and the instrumental temperature-coefficients used seem to be in 
error. It will not be considered further. 

Of the first three, Speyerer and Schiller find that the values of ij along 
an ( 1 /, /I ) -isotherm increase rapidly with the pressure (/>), but the two sets 
differ markedly. Speyerer’s values increase ever more rapidly as the pres- 
sure increases, whereas Schiller’s exhibit marked irregularities. In con- 
trast to them, Sigwart finds that 1 ; increases slowly and linearly with the 
pressure until the saturation pressure is rather closely approached, and then 
ever more rapidly. For the linear portion of the isotherms the slope is 
about 5 per cent per 100 kg*/cm*. varying rather irregularly (2 to 7.6 per 
cent) from one isotherm to another. The total increase in tj along the 
275 °C isotherm to saturation does not exceed 1 per cent, and the increase 
to saturation is presumably less at lower temperatures. In striking con- 
trast to this, Speyerer finds along the 270 “C isotherm an increase of 10 per 
cent on going from /> = 1 to p = 10 kg*/cm*, and Schiller finds 19 per cent 
for the same change. 

M»Chapinaii, S, Phys Rev (2), «, 206 (A) (1936), 51, 145 (A) (1937), 52, 184-190 (1937); 

211 (A) (1938/* 

* For complete references see p. 68. 
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Under such conditions it is difficult to sijeak with confidence regarding 
the relative merits of the several senes, but the author is inclined to favor 
Sigwart’s. All three are given in Table 22, Schiller’s values having been 
obtained by scaling his graph, which is a small one 

Values given by Sigwart for temperatures and pressures outside the 
domain covered by his observations were derived by extrapolation on the 
assumption that at 1 kg*/cni* r) = 16 47T^^/(T + 548) micropoise (/ip), 
that formula giving values to which his can be satisfactorily extrapolated 
But that formula is based on H. Vogel's ( 1914) assumption that the Suther- 
land constant (the constant in the denominator) is to be taken as 1 47 times 
the absolute temperature of the normal boiling point, and that J. Puluj’s 
(1878) reported value (90 4/ip) for ij at 0°C is correct The first may 
be accepted , but the second sliould lie 88 4, as Puluj used incorrect constants 
in reducing his observations (see Table 22, note b) Probably this differ- 
ence of 2 per cent lies within the range of experimental error, but it should 
not be forgotten 

Fortunately, all three sets of values corresponding to 1 kg*/cm-, 
observed or extrapolated, agree within ^ 2 per cent with one another and 
with the two short series by W Sihugajew (1934) and by C H Braune 
and R Linke (1930), (see Table 23) So far as pressure is concerned, 
no distinction need lx* made lictwecn observations at 1 kg^/cin^ and those 
at lower, but not exccssividy low, pressures 

No recent nieasurcnients at temperatures below 100 "C have been found , 
early ones are given m Table 22 Ivirlj observations were frequently made 
in terms of the viscosity of air, and were reduced to absolute units by 
assuiiung a value foi an In some cases the values were reduced to 0 °C 
on the basis of an assumed foi inula, generally requiring a knowledge of the 
absolute temperature (7'„ "K) of the ice point. Not infrequently an incor- 
rect value for the viscosity of air or for 7’o was used, and sometimes an 
unsatisfactory formula The resulting false values are commonly quoted, 
and ajipear in compilations of constants An attempt has been made to 
correct such as are included in the following tables, the corrections that 
have Ix’en applied being explained in footnotes 

Foimulas. 

(a) Pressure = 1 kg* /cm- — In the simple kinetic theory of gases the 
viscosity IS given by the formula tj = ST^, w'here B is characteristic of the 
gas and is proportional to iiL, = K/vd~, h being the number of molecules 
per unit of volume, L, the effective mean free path of a molecule, d the 
molecular diameter (the diameter of the spheres by which the molecules 
may be regarded as replaced), and K a numerical factor determined by 
the distribution of the velocities of the molecules and by the kind of aver- 
age free path L, is But actually ij does not vary as Hence nL, must 
vaiy with T The failure of the formula may be explained by an attraction 
between the molecules, causing their paths to be curved, and increasing the 
frequenev with which collisions occur. Since this curvature will decrease 
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as the translational kinetic energy of the molecules increases, Sutherland 
(1893) suggested that L, should be replaced by L»/(l + CT-^), where 
C is a constant (Sutherland’s constant), characteristic of the gas, which 
measures the intensity of the intermolecular attraction, and L, is what the 
free path would be if there were no such attraction. Then ij = AT^ V 
(T ■+■ C), A and C each being characteristic of the gas. This formula has 
been found to represent the observations on many gases over a wide range 
of temperatures. Similar expressions have been derived by S. Chapman 
(1916) and by J. H. Jeans (1916) with greater attention to mathematical 
rigor. 

Unless observations are extended over a considerable range of temper- 
ature, C cannot be determined with precision. Consequently the experi- 
mental values that have been assigned to it vary greatly. Certain empirical 
formulas relating C to other quantities have been proposed. In 1910, A. O 
Rankine observed that for the gases he investigated Tcrit/C varied within 
a narrow range, the mean being 1.14; helium and hydrogen were marked 
exceptions. This relation suggested to Hans Vogel (1914) another between 
C and the normal boiling point (Tj), and he concluded that C = 1.47 Tj, 
These and certain experimental values are given in Table 21. 

*, V' I 

Table 21. — Sutherland Constant for Water-vapor 

r, = AT^^/{T + C) 

Observations by Andre Fortier (1936) indicate that for air the value 
of C depends on T. 

S48^K H. Vogd (1914) ; C - 1 47 n 

568 A. O. Rankine’s relation (1910), C — Tmul\ 14 

650 L. L. Bircumshaw and V. H. Stott, >“ from C. J. Smith (1924). 

673 H. Speyerer (1925); experimental. 

961 H. Braune and R. Linke (1930) , experimental. 


Actually, the observational data for water-vapor at and below 1 kgVcm® 
can, within experimental error, be represented essentially as well by means 
of a linear equation in the temperature (f ®C) as by a Sutherland formula, 
and several observers give such equations. From a study of a great mass 
of data, Trautz ( 1931 ) concluded that = T^vcrit/Tcrit. where n is, in 
general, a function of T, depends upon the ^pe of substance, and approaches 
unity as T approaches Tcrtt When n is unity, Trautz's formula is linear 
m t An equation of this type with » = 1 and i^erit = 266 /»p has been 
accepted by some (see Sigwart) as fairly satisfactory for water-vapor at 
1 kg*/cm®; and this in spite of the fact that it yields too large a vtilue at 
0 ‘’C. With Sigwart’s value for ijcrit (378 ^.p) a still higher zero value is 
obtained. The value = 226 /^p (actually 228) seems to have been 
derived by Trautz in some unexplained way from the observations of others. 
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(6) Any pressure. — ^R. Plank (1933) has shown that Speyerer's data 
can be represented satisfactorily by the empirical formula (1) in which 
liters per gram is the specific volume of the vapor. 

7 = (86.1 + 0 373/)-(l + 0 0175 + 0.0025 »*-*) micropoise (1) 


Table 22. — ^Viscosity of Water-vapor 

The values given in Section I are probably to be preferred in the 
domain t = 100 to 500 "C, P = 1 to 250 kg*/cm® For temperatures below 
100 “C, see Sections V and VI. Sets of values for P = 1 are compared 
in Table 23. 


UiiH of i| * 1 tincropoifle Mp) *®1 M/em lec * 1 0197 X 10^ I®* sec/in*S of P • 1 kg*/cm* 
* 0.967S atn Tenperature ^ t *C. 

I. From K. Sigwart.*®^ Values for P = 1 have been computed by 
means of the formula r) — \647T^^/{T + 548), which Sigwart regards as 
a satisfactory representation of the values obtained by extrapolating his 
observations. See text for bases of constants , T = 273 + t Dubiety at 
P = 1 is 1 or 2 per cent , at 400 “C, 3 per cent ; at 500 “C, 10 per cent ; 
along saturation line, 1 per cent from 50 to 300 °C, 2 per cent at 360 ®C, 
and 3 per cent at 370 At critical point, i; = 378 ^ 5 per cent. 


P-* 

1 

99 1 

10 

179 0 

20 

211 4 

SO 

262 7 

100 

309 5 

ISO 

340 6 

200 

3641 

220 

372 0 

250 

<..• 

' 128 

159 

172 

189 

214 

234 

271 

319 


100 

128 









150 

147 









200 

166 

166 








250 

184 

184 

184 







300 

201 

202 

203 

206 






350 

219 

220 

221 

225 

231 

238 




400 

235 

236 

237 

238 

244 

248 

256 

272 

286 

450 

252 

238 

239 

241 

243 

245 

249 

257 

263 

500 

268 



241 

243 

245 

248 

251 

255 


II From H .Speyerer He thinks that his observations at P = 1 
can be satisfactorily represented by either of the formulas • ij = 88 33 -t- 
0 3712f or IJ = 86 8T‘ "/(T + 673) ; he uses the first. 


P-* 1 2 4 6 8 10 


1 

991 

1196 

142 9 

158 I 

169 6 

179 0 

(..t 

125 5 

135 0 

146.8 

156.0 

165.0 

1760 

no 

129 2 






150 

1441 

146 0 

149 3 




200 

162.6 

164 3 

167.4 

170 8 

175.9 

183.3 

250 

181.2 

182 8 

185 8 

189 1 

193.7 

201 1 

300 

199 7 

201 2 

203 9 

207 2 

211.6 

218 7 

350 

218.3 

219 7 

222.3 

225.3 

229.5 

236.4 


MokRTcU, G , 7 <Ir pkvs. (t), 1, 188-192 (1926) 
la Blfcnintliaw, L L. and Stott, V H, Jnt Cnt Tabitt, 9^ 6 (1929) 
w MOianm, R. A., Phtl Mag (6), It, 209-228 (215) (1910). 
•■Stanu, J. C, Pkyt Rtv. (2), 27, 116 (A) (1926). 
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Table 32 — (Continued) 

III. From W. Schiller.^* Values obtained by scaling his graph; he 
estimates the dubiety to be not over 2 per cent. At critical point, ij = 692. 

Part 1 5 10 15 M 25 50 


t 

100 

Pmt 

103 

126 

126 



- f ■ ■ 




120 

2.02 

141 

133 







140 

368 

159 

140 







150 

4 85 

170 

144 







. 160 

6.30 

182 

147 

171 






180 

10.12 

208 

155 

174 






200 

15.8 

236 

162 

177 

212 

234 




220 

23.6 

268 

170 

183 

215 

235 

255 



240 

34.1 

298 

178 

190 

219 

237 

257 

271 

288 

250 

40.5 


181 

193 

221 

238 

258 

272 

290 

260 

47.9 


185 

196 

222 

240 

259 

273 

291 

280 

65.4 


192 

204 

227 

244 

262 

276 

293 

300 

87 6 


200 

211 

232 

244 

265 

280 

295 

374 

225.2 

692 








IV. 

From W 

Schugaj 

ew *** 

His 

mean 

of several discordant sets of 

observations. Within his limits of error, » 

does not 

vary 

with 

P over 

the range investigated (0 to 93) 






t 

100 

150 

200 


250 

300 

350 


400 

n 

126 

144 

164 


183 

202 

222 


241 


V. From compilation by L L Bircumshaw and V. H. Stott*** ; taken 
from a paper by C J. Smith.**® Various corrections have been made by the 
present compiler, and explained in the footnotes Except as the contrary 
is indicated in the notes, the pressure was much less than 1 atm, and was 
far below saturation. 


/ 

0 

15 

16 7 

28 9 

99.95 

100 

151.2 

207.1 

V 

88.4‘ 

92 0" 

94 7* 

99 7* 

125* 

127 

145 

168 

Ref* 

P 

KW 

P 

V 

MS 

Sm 

Sm 

Sm 


VT. From H Braune and R Linke *** These observations have not 
been published in detail, and the short table of only 1 1 lines of data refer- 
ring to water-vapor contain at least two gross errors in computation, and 
one in transcription These errors do not appear in the following values 
Braune and Linke represent their observations by means of the formula 
i; = 22.36T* ®/(T -f- 961) ; the value (961 ) for the Sutherland constant is 
excessively high. At 20 2 ®C the pressure was essentially P,,t ; for others, 
120 to 210 mm-Hg. 

( 20.2 92 6 107 5 210.3 313.1 366 4 406 6 

n 93.7 117.8 124 2 163.8 214.9 226.1 242.2 

w Bticnmshaw, L. L , and Stott, V H., Int, Crit. Tabht, S, 4 (1929). 

“•Sigwart, K, Forsch, CMtIe Ingentturw , 7, 125-140 (1936) 

_ *“ Speyerer, H , Forsch Gsbiete Ingtninrai , 273, 1-30 (1925) -♦ Z. For Dsuls. Ing , 69, 
747-752 (1925). 

i**Scli31er, W., Forsch Gsblet* logtoiomrre , ^ 71-74 (1934). 
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Table 22 — (Continued) 

* References follow Table 23. 

‘After reduction to the basis of i| = 1792 for air at 16 7 “C“’ The observations 
were made at 16.7 *C with an apparatus giving 183 for air at the same temMrature, 
and yielded the value 96 7, which was published and is commonly quoted The value 
90 4 which he gives for water-vapor at 0 *C, and which is quoted in many tables, 
including the Critical Tables, was computed by him from his 96 7 value on the assump- 
tion that V IS directly proportional to T and that 0*0 = 238 “K. On correcting the 
96 7, using Sutherland’s equation with C = 548, and placing 0 ° C = 273.1 “K, one 
finds = 88 4 at 0 °C 

'After reduction to the basis of ij= 1784 for air at IS 'C'* It was published and 
quoted as 97 5 at 15 'C, but on the basis of q = 189 for air at 15 °C The following 
entry in the Critical Tables, giving ij = 975 at 20 6 °C, was taken from Smith, who 
took it from I.andolt-Bornstein,’” where it had been doubly entered once as the value 
at IS' C, and again as the value at 20 6 "C the mean of the temperatures at which 
observations were taken In the 5th edition of those Tabellen the value is entered 
but once, and is assigned incorrectly to 18 6-21 6 “C 

* After reduction to the basis of i; = 170 9 for air at 0 ‘C.’“ It was published and 
has been quoted in various tables, including the Critical Tables, as 100 6, but that was 
based on the assumption that ij = 1724 for air at 0 °C Pressure was near that of 
saturation 

* After reduction to the basis of = 170 9 for air at 0 “C, as in note d It was 
published and is commonly quoted as 1.12, but that is on the basis of ij = 180 for air 
at 0 'C The pressure was near that of saturation 


(c) Saturalwn pressure — K Plank (1933) also found that Speyerer’s 
values for the viscosity (i;") of saturated water-vapor is related to that (ij') 
of saturated water at the same temperature as shown by formula (2) : 

1/V' + l/V = 1 1003 - 0002611 nucropoise * (2) 

Rut Schiller and Sigwart each find that this law of rectilinear mean is valid 
only over a limited range of temperatures 

Viscosity at the Critical Point. 

Three estimates of the value of have been found: Trautz (1931) by 
an iinknow n method inferred that ijc,u = 228 3 ;ip By plotting and extra- 
polating the mean of the fluidities (ij'^) of saturated vapor and of saturated 
water at common temperatures, Schiller (1934) inferred 692, and Sigwart 
(1936) 378 /ip 5 per cent 

Viscosity of Fog. 

G. Mokrricki has concluded that the viscosity of foggy air is given 
by the relation »; = i/o + 1 59 a poise, where 170 (taken as 0000171) is the 
viscosity of dry air, and A g/cin"* is the weight of the fog per cm® of foggy 
air. In his observations, 10®A lay between 1 5 and 15, and the diameters of 
the fog particles between 0 5 and 10 (i. The value found for y was inde- 
pendent of the size of the particles. 

^ Schagajew, W , Ph\sik Z Scu'i 5p 659-665 (1934) 

Smith, C J, Proi. Rq\ Soc (london) (A), 106, 83-96 (1924) 

4 / 7 ? / 
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Viscosity of Moist Air. 

In their compilation,'*® L L Bircumshaw and V H. Stott quote R. A 
Millikan as finding that air saturated at 26 °C has a viscosity 1904/ 
1863 = 1.022 times as great as dry air at the same temperature, and J C. 
Stearns '** as claiming “that the viscosity of air is decreased by saturating 
it with moisture, the decrease being J per cent at 760 mm-Hg and 35 per 
cent at 14 mm-Hg pressures." It seems that this 6-lme abstract is all that 
Stearns has ever published regarding his measurements. They are prob- 
ably of little, if any, value. 


Table 23. — Comparison of Various Values for the Viscosity of 
Water-vapor at or below 1 kg*/cm* 

Several values from each of the sections of Table 22 are liere compared 
with those defined by the formula tje = 16 12r' V(^ + 548), which gives 
Puluj’s corrected value at 0 °C and uses Vogel’s value for C 

The source of the data as well as the section of Table 22 m which they 
are given is indicated, and the individual observers of the several values 
given in International Critical Tables are designated For additional infor- 
mation, see Table 22. 


ITott of 

Source-^ 

Section of Table-* 

i _ 

9 1 nucropoise 

Sj* s^ 

f temperature 

Sehi Schu 

in IV 

ICT 

V 

BL 

V! 

0 

88 4 





88 4*P 


15 

94 1 





92 0 KW 


16 7 

94 7 





94 7 P 


20 2 

96 0 






93 7 

28 9 

99 3 





99.7 V 


92.6 

123 0 






117.8 

99 95 

125 8 





125 MS 


100 

125 8 

128 


126 

126 

127 Sm 


107.5 

128 6 






124 2 

150 

144 1 

147 

144 1 

144 

144 



151.2 

144 5 





145 Sm 


200 

162.0 

166 

162 6 

162 

164 



207.1 

164 6 





168 Sm 


210.3 

165.7 






163.8 

250 

179.6 

184 

181.2 

181 

183 



300 

196 8 

201 

199 7 

200 

202 



313.1 

201.9 






214.9 

350 

213 6 

219 

218 3 


222 



366.4 

219.0 






226.1 

400 

230 0 

235 



241 



406 6 

232.1 






242.2 

500 

261 7 

268 






“In the review”* of the thesis 

of F Houdaille (Fans, 1896) it is stated that 1 


found 88 5 for water-vapor at 6 ° C 


»Brauae, H, and Linke, K, Z. phynk Chm. (A), MS, 195-215 (1930) 
“•In# cm. Tables. 5, 2 (1929). 
m Landolt-BSmatem, Phys-Chm. Tdbellen 
ui Houdaille, F., Fetuehr, d. PhysOt. S2u 442-443 (1897). 
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BL Braunc, H., and Ltnke. R.. JS. phys. cktm. (A), 148, 195-215 (1930). 

Chapman, S, PM. Trans (A), 216, 279-348 (1916). 

Fortier, A , Compt, rmd, 203, 711-712 (1936) 
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12. Acoustic Data for Water-vapor 

Velocity of Sound in Water-vapor. 

In an ideal gas, the velocity oi sound is independent of the pressure, 
and Its square is directly proportional to the absolute temperature. For 
actual gases, especially near the region of liquefaction, departures from this 
relation should be expected. Nevertheless, many of the earlier data on the 
veloaty of sound in gases and vapors were deduced on the assumption that 
this relation applies. Fortunately, it does apply fairly well for air at the 
temperatures that were used, and many of the observations consisted in 
determimng merely the ratio of the velocity (I'l ) in the gas or vapor under 
study at the temperature t to tliat (mj ) in air at the temperature t'. 
vt fr' 

Then — — was called the ratio of the velocity at any temperature to 

that of air at the same temperature, and the product of this expression and 
the velocity in air at 0 °C was recorded as the velocity in the gas or vapor 
at 0 ‘’C, although the observations may have been made at a quite different 
temperature. Actually, this ratio is not the ratio of the velocities at o«y 
temperature, but, so far as air satisfies the assumed relation, it is the ratio 
of the veloaty in the gas or vapor at t to that m air at t. Hence the data 
can be reinterpreted when the value accepted by the observer for the abso- 
lute temperature of the ice-pomt is known; that can in certain cases be 
determined from the data he records. In some cases, vt\/T' /Ufy/T has, 
incorrectly, been treated as if it were ratio of the vdocity m the gas or 
vapor at t °C to that in air at 0 °C, thus leading to values that are entirely 
wrong. 
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The last seems to be the explanation of the excessively low values = 
402.4, 1^96 = 410.0 m/sec generally attributed to W. Jager, and apparently 
originating in the Landolt-Bornstein Tabelten They appear in the second 
and succeeding editions of the TbbeHen (the first edition has not been 
examined) and in the Ivternational Critical Tables 

The first accounts for the value 401 m/sec given by A. Masson 
for water vapor at 0 ®C, and included in the tables mentioned Actually, 
Masson’s observations were made at 95 ®C Appropriate corrections have 
been applied to these in Table 24 


Table 24. — Velocity of Sound in Water-vapor 

Sg = Ve — V and Si = Vi — V, where V is the observed velocity, and 
Vg and Vi are those defined by the empirical formulas given in the text , 
T = 273 1 + < “C, the absolute temperature corresponding to t “C Except 
as the opposite is indicated, the vapor was saturated at the temperature t °C 



Unit of V, and « 

1 tn/sec 

Temp - 1*C 

- r»K 



1 

V 

VI vt 

Ohs 

1 

V 

V/rT 

8* 


27 

432 

24 94 

Th* 


W 

n CLsIlseaenl 

r 


100 

40S‘ 

21.0 

T 

/•' ' ' 




Int 

Cnt Tables* (corrected) 


100 

471.5 

24.41 

0.0 

- 1.5 

931 

458 7 < 

23 97 

T 

200 

536 7 

24.68 

+ 1.2 

+ 05 

9S 

462* 

24.08 

M 

300 

593.2 

24 78 

+ 14 

+ 0.7 

96 6 

467.7‘‘ 

24 32 

T 

400 

643 2 

24.79 

+ 1.0 

0.0 

100 

471 5 

24.41 

S 

sm 

688.2 

24.75 

0.0 

- 1.2 

no 

413* 

21.1 

T 

600 

727.8 

24.63 

-0.1 

- 1.4 

120 

417.S* 

21.1 

T 

700 

762.5 

24 44 

+ 08 

- 0.1 

130 

424 4* 

21 I 

T 

800 

795 3 

24 28 

+ 0.3 

+ 0.3 

1000 

853.9 

23 93 

S 

900 

825.0 

24.08 

00 

+ 1.4 





1000 

853 9 

23 93 

-22 

+ 1.3 


®G E Thompson*** Frequency = 1086 Wlocycles/sec 

‘ Velocity m tin tube, diameter = 1 4 cm Pressure of vapor = 1 atm ; hence the 
densities at 100, 110, 120, and 130 "C were, respectively, 1 00, 0 71, OSl, and 038 of 
that corresponding’ to saturation at the indicated temperature 

‘From compilation by A L Foley”* and ascribed, as indicated to A Masson** 
W Jager,** W. Treitz,*" and W G Shilling*" For nature of corrections here 
applied, see preceding text 

••These data of Jager’s are given in the Int. Cnt. Tables and elsewhere as Vn — 
402, and Vm = 410 , the densities of the vapor were_, respectively, 0 55 and 0 70 of that 
corresponding to saturation at the temperature indicated 

• For this, most tables give Masson’s Vg — 401, though the observations were 
at 95 "C 

t Frequency = 3 kilocycles/sec. 


’*Maan)ii, A., Ann Chtm *t Phyt (3), S3, 257-293 (1858). 

'“Treitz, W, Dus. Bonn, 1903 

>«• Shillma, W. G , Phil Mag (7), 3, 273-301 (1927) 

*» Irons, E J , PM. Mag (7), 3, 1274-1285 (1927). 

I" Thompson, G. E, Pkys Rev (2), 3«, 77-79 (1930) 

*"FoIer, A. L., Int Crtt Tables, «, 461-467 (463) (1929). 

*» Hasson, A., Comft. rend, 44, 464-467 (18S7)-»Fh<l Mag (4), 13, 533-536 (1857) 
’•JSger, W, Ann d Pkyttk (Wud). 36, 165-213 (1889). 

•"Treita, W, Diss Bonn (1903). 

ui ShiUiac, W G., PM. Mag (1), 3, 273-301 0927). 
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The low values, Vuo = 413, F 120 *= 417.5, and Viao = 424.4 m/sec, 
attributed to W Treitz in the tables mentioned are the velocities in tin 
tubes 14 mm in diameter, and refer to superheated vapor at a pressure of 
1 atm. His value Fioo = 404 8 m/sec for the saturated vapor in the same 
tubes seems to have escaped the attention of the compilers. It seems that 
he did not measure the velocity in air in those tubes 

The data of W. G Shilling were deduced by him from the velocity 
observed in a quartz tube 4 cm in diameter, the frequency being 3000 
cycles/sec They are approximately represented by the formula 

y, = 100^15 256 + 7.1135^ - 0 13847^^^ J m/sec 

E J. Irons represents the same data by the formula = — 883.4 
+ 404.4T® in/sec, where T = 273 + t °C. 

Absorption of Sound by Water-vapor. 

No information concerning the absorption of sound by pure water-vapor 
has come to the author’s attention. 

Moist Air. 

The addition of watei-Aapor to air increases both the velocity and 
tlie absorption of sound For any given frequency the absorption varies 
with the humidity, passing through a well-marked maximum , for any 
given humidity the absorption \aries witli the frequency, passing through 
a w'ell-marked maximum at a certain frequency that varies as a quadratic 
function of the humidity I'hese m.ixima may be more than 20 times 
as great as the absorption to be expected from the classical theory This 
effect IS associated w ith the presence of oxygen ; it does not appear with 
pure nitrogen It is thought to arise from an acceleration, produced by 
intercolhsions of Oj and H 2 O molecules, of the otherwise very sluggish 
process of equipartition of added energy among the several degrees of 
freedom of the oxygen molecule, a process which in the absence of H 2 O 
requires a time of the order of 0 01 sec for completion. Collision with two 
HoO inoleailes is very much more effective than collision with but one 
(See«®-‘«.) 

The follow mg illustrative data for moist air at 20 “C, frequency 3000 
cyclcs/sec. have been taken from the first of Knudsen’s papers just men- 
tioned Here 7v = number of HoO molecules per 100 molecules of the 
mixture, and the absorption coefficient m is that defined for a plane wave 

»*Knii(lsen. VO, / ActmsI Sor Am, ^ 1 12-121 11933) -* Phys. Rev (2), 43, 1051 (A) 
(1933) 

>«Knrscr, H O. Idem, 5, 123-23 (1933) 

Kniiilsen, V. O , Idem. 6, 199-204 (1935) 

Knudsen, V. O , and Obert. L • Idem, 47, 256 (A) (1935) 

Kneser, H O • and Knudsen. V O , Ann d Phystk (5), 21, 682>696 (1935) 

Knudsen, V. O, and Obert, L., / Aeontt, Soe. Am, 7, 249'>253 (1936). 



12. VAPOR: ACOUSTICS 


71 


by J = loer^ where x cm is the distance the wave travels while the inten- 
sity decreases from 7o to I. 

w 0.01 0.05 0.10 0 20 0 25 0 30 0.50 1 00 2 00 

10*m 0.10 0.32 0.74 1.82 1 95 1 68 0 82 0.47 0.33 

The effect of moisture upon the velocity of sound m air is “compara- 
tively slight.”^*® It was reported by C. D. Reid^®* to be represented at 
20 °C by the formula = Fo -1- 0 \Ah, where h is the relative humidity ; 
but that coefficient is im error — ^it is ten times as great as his obser- 
vations justify. He finds for dry air Vo = 331.68 m/sec, for air saturated 
at 20 °C, Fft = 333 05, giving Vh — Vo = 1.37 m/sec for h = 100, hence, 
at 20 °C, Fn = Fo + 0.0137/i. Since for saturation at 20 °C the partial 
pressure of H 2 O is e = 17.51 mm-Hg, these values lead to F» = Fo 
(1 -h Ae) where 10*.^ = 2 36 per mm-Hg, the mean frequency being 130 
kc/sec. This is not very different from the values found by others 


Table 25. — Velocity of Sound in Moist Air 

The velocity (Fj) of sound in air in which the partial pressure of 
water-vapor is e mni-Hg may be conveniently represented by F* = Va 
(1 + Ae), where Vi is the velocity m dry air, and A is an empirical coeffi- 
cient that does not vary greatly with either the frequency, the temperature, 
or the humidity. 

Unit of y and A = 1 m/aec, of » = 1 ke/sec, of r = 1 tam-Ug, temp = < 'C 
I C D. Reid.™ At 20 °C, v ~ 130, 10‘/4 = 2 36 after correction (see text) 

11. C Ishii.“‘ Observations at 30 "C 



V 

288 

730 

1439 

2000 

2892 


lOM 

22. 

23 

21. 

18. 

16. 

III. 

H G 

Muhammad ™ 

p = 0994. 

air cither dry (Vs) or saturated with 

■•t) ; 

A = r 

Ht — Vs', values of A computed by compiler. 


t 


y..t 

F. 

A 

e 

lOM 

IS 


341.55 

34040 

1.15 

12 78 

2.64 

20 


344.83 

343 51 

1.32 

17.51 

2.18 

25 


348.10 

346.35 

1.75 

23 69 

2.13 

30 


351.5 

349 3 

2.2 

31 71 

2.0 

35 


355.3 

352.1 

3.2 

42.02 

2.2 

40 


259 10 

354 95 

4 15 

55.13 

2.12 

45 


363 OS 

357.75 

5.30 

71.6 

2 07 

50 


367.2 

360 7 

6.5 

92.3 

1.95 

55 


371 7 

363.4 

83 

1178 

1.93 

60 


376 9 

366 2 

10.7 

149.2 

1.96 

65 


382.8 

368 9 

13 9 

187.3 

2.01 

70 


389.8 

371 6 

18.2 

233.5 

2.10 

75 


398 6 

374.3 

24 3 

299.1 

2.16 

80 


408 

377 

31 

355.1 

2.3 


"•Hubbard, B. R , / Aeout Soc Am, 3, 111-125 (1931). 

"•Reid, a D., Pkys. Rev (1), 35, 814-831 (1930). 

“t lahii, C., Set Papers last. Phys and Cktm. Res. (Tokyo), 28, 201-207 (No. 560) (1935). 
ui M nb a mm ad, H. G , Bull. Acad Sn , Allahabad, 3, 269-294 (1934). 
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13. Diffusion of Watb*-vapok into Gases and Through Souds 


By definition, the coefficient of diffusion of a substance is the quantity D 
in expression (1) 


dm 

dr 


D^dA 

dx 


( 1 ) 


in which dm is the mass of the substance that flows in the direction of 
increasing x through the area dA, peipendicular to x, in the time dr, when 
the gradient of the concentration of the substance (mass per unit of volume) 
IS dp/dx. Expression (1) is equivalent to (2) 

dm/dr = — (D dp/dp) dA‘{dp/dx)' (2) 

in which p is the partial pressure of the substance at the point x. 

If the gas is ideal, and for the present purposes water-vapor may be 
considered ideal, expression (2) can be given the following forms, in 
which R IS the universal gas constant expressed in gram-moles and in the 
same units of p and x as are used in expression (2) ; A^ is the pressure of 
1 atm, expressed m the same umts as p , dv^ is the volume of dm at 0 °C 
and 1 atm, (P«)a is the pressure exerted by dm when at 0 °C and confined 
in a given volume V ; and To °K and T ®K are the absolute temperatures 
at 0 °C and at the temperature at which the diffusion occurs. 


dm/dr * - {DM/RToYiTo/TydA {dp/dx) g/sec (3) 

= - (D/RToyiTo/TydA-idp/dx) g-mole/sec (4) 

dvo/dr = - {D/A,) (To/TydA-idp/dx) (5) 

(d^m)o/dr = - {D/V) • ( To/T) -dA^dp/dx) (6) 


The units of mass m (3) and (4) are fixed by the specification tlwt the 
unit of mass occurring in R shall be tlie g-mole. In the other equations the 
onl}r restriction is that corresponding quantities shall be expressed in the 
same units and that the units of volume and of area shall be equal, respec- 
tively, to the cube and the square upon the unit of length. 

For water-vapor the constant factors occurring in (3), (4) and (5) 
when the units of length, area, and volume are, respectively, 1 cm, 1 cm®, 
and 1 cm®, and To = 273.1, take the following values for each of the two 


units of p commonly used 

in such work. 



Unit of p 

P " 

M/R 

ii/RTa 

l/A. 

1 atm 82 08 

0.2195 

8.039(10-*) 

1 

1 mm-HR 62366 

2.889(10-*) 

1.0577(10^) 

U158(10-*) 


Diffusion, into Gases. 

It has been found empirically that when one gas diffuses into another 
DP/T* is constant, P being the total pressure and n being an empirically 
determined constant. Hence, if Do is the value of D at Po and Tq, then the 
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value at P and T will be D = DoiT/ToY^Po/P). The value of n depends 
upon both the gases 

The subject, diffusion, has recently been discussed in a series of papers 
by M Trautz and W. Muller,’®’ with special reference to the corrections 
that must be applied to expeninental data on account of various disturbing 
effects inherent in the procedures followed. They concluded that Winkel- 
mann’s data are the only ones capable of yielding reliable values for water- 
vapor. See also H. Mache ’®'‘ 


Table 26. — Diffusion of Water-vapor into Gases 

The coefficient of diffusion (D) satisfies the following formulas: 
dm/dr = —D(dp/dx) dA ; DP = Z)oPo(7'/7'o)* Here dm is the mass cross- 
ing dA in time dr, P is the total pressure, and m is an empirically deter- 
mined constant depending on both gases See text for further information. 


Unit of ~ 1 cmVscc Pressure P = 1 atm Temp *= t ®C - T "K 




CO, 

Air 

H, 

I M 

Trautz and W. Muller 

Derived from observations by 

Winklemann. 

: text 

«— * 

2115 

1 853 

1 844 


Da- 

01384 

0 219 

0 747 



* OOOIS 

=*=0 001 =*= 

0003 

II Adapted from compilation * 

by W P 

Boynton and W H Brattam’" 


# 1-4 

200 

1 75 

175 

( 

T , 


n 






0 

273 

01387 

0 220 

0,7516 

10 

283 

01490 

0 234 

0,8004 

15 

288 

0 1544 

0 242* 

0,8254 

18 

291 

0 1576 

0 246 

0,8404 

20 

293 

01598 

0 249 

0 8507 

25 

298 

01653 

0 257 

0 8761 

30 

303 

0 1708 

0 264 

0,9021 

SO 

323 

01939 

0.295 

1,009 

70 

343 

0 2190 

0 328 

1,121 

90 

363 

0 2452 

0.362 

1,238 

100 

373 

0 2590 

0 380 

1 298 


* The values given by Boynton and Brattam are based upon the work of G Gugltelmo,<*7 F. Hou- 
daille,^®* M LeBlanc and G Wuppermann,’®* and A Wmkelmann 

^ W E Summerhays has reported for air I> ~ 0 282 at 16 1 *C and P ^ \ atm 


Diffusion of Water-vapor through Solids. 

In the case of a gas diffusing through a septum of thickness Ax and 
area dA, the total pressure being the same on both sides of the septum, 

Trautz, M, and Muller, W, Ann d Pkysik (S). 22, 313-374 (1935) 

Mache, H, Sttnber Akad Wut Wun, (Math -Nat Abt Ila), 119, 1399-1423 (1910). 
Trautz, M, and Muller, W, Ann d Phynk (S), 22, 333-374 (1935) 

™ Boynton, W P, and Brattam, W H, Int Cnt Tablet, 5, 62-65 (1929), 

Guglielmo, G , Attt accad ici Torino, 17, 54-72 (1881) , 18, 93-107 (1882) = Report, d. Phyttk 
(Exnor), 19, 568-581 (1883). 

Houdaille, F , Thesia, Pariz (1896) -> Forttekr d Phyttk, 52, 442-443 (1897), 

^ LeBlanc, M , and Wuppermann, G , Z. phyttk. Chem , 91, 143-154 (1916), 

Winkelmann, A , .4Hn d Phyttk (Wted), 22, 1-31, 152-161 (1884) 
m Summerluijn, W. E, Proe. Phyt. Soe. London, 42, 218-225 (1930), 
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partial pressures of the gas m question being continually constant on each 
side and differing by \p, the diffusion equation is that obtained by replacing 
dp/dx and dp/dx in formulas (1) to (5) by &p/^x and 

If the partial pressure of the gas m question is kept constant and equal 
to pi on one side of the septum, and increases on the other as a result of the 
accumulation of the transmitted gas in a vessel of fixed volume V, then 
the partial pressure (pm) m that vessel will increase in accordance with 
expression (7) 

dpm/dr = (dp/dp)-(dp/dT) = (dp/dp) (dm/dT)/V (7) 

If dpm/dr IS small, and if the distribution of gas throughout the thickness 
of the septum is essentially the same as if the partial pressures on the two 
sides of the septum had for a long time been continuously the same as they 
actually are at the instant m question, then — and only then — may the dm /dr 
in (7) be validly replaced by its value as given by (1), (2), (3), or (4), 
as modified m the way just stated Using (2) and remembering that 
— A/> = />! — pm. (7) becomes (7a) 

dpm/dr = (D dA/V A.I-) (/., - Pm) (7a) 

of whieh the solution is (8) 

log. [(/>! - A«)/(/’i -/>»)]= /> ilA r/V Ax (8) 

in which />« is the value of />„ at t = 0. 

Copper — ^The data pertaining to the diffusion of water-vapor through 
copper and given in the conijiilation by F. Porter are based on the obser- 
vations by N. B Pilling and by H. G Demmg and B C Hendricks 
They consist of a value for D/Du for Cu at 700 °C from the former, and 
DhTo/T for Cu at 500 and at 750 °C from the latter, being the value 
of the coefficient for Ho The values that Pilling actually gives are the 
relative values of dpm/dr of expression (7) for each of several gases The 
ratio of any two of those values will be equal to the ratio of the D’s for the 
two gases only if the conditions were such as to justify expression (7a), 
if pm were always negligible in comparison with pi, if pi were the same 
for each gas, and if the state of the copper were the same in both cases. 
The original article contains nothing regarding any of these items except 
the last. The same copper tube was used m all cases, but the purpose of 
the article was to prove that the structure of copper is profoundly modified 
by heating it in a reducing gas, and there is no indication of the order in 
which the observations on the diffusion of the several gases (H 2 , H 2 O, 
CO, CO 2 ) were made Hence the value D/Dj, = 0065 at 700 ®C inferred 
by Porter from those observations should be accepted only with great 
caution. 

Importer, F, Int Crit Tables, 5, 76 (1929). 

»• Pilling, N B , / Frankhn Inst . Uf, 373-374 (1918). 

wtDcmuig, H G, and Hendricks, B C., /. elm CMem Soc , 4St 2857-2864 (1923), 
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The Deming and Hendricks paper contains a curve from which it is 
seen that Hs passed through a certain septum of Cu at 700 “C at the rate 
of 0.020 mg/hr*cm® when A/>/A.tr = 1 atm/mm, whence, by equation (3), 
IQPDjt = 22 cm-/sec at 700 °C. If this Cu septum was equivalent in struc- 
ture to that used by Pilling, and if Porter's inference from Pilling’s obser- 
vations is justified, then for water-vapor and Cu at 700 °C, 10®Z7 = 
22(0065) = 1 43 cmVsec, and dm/dr = 320(10"^®) g/seccmatni. 

Recently, J. H. deBoer and J. D Fast have reported for water- 
vapor through Cu at 810 °C dm/dr = 34(10"^®) g/seccmatm or 10“Z? = 

0 1 50 cm®/sec. This value is only slightly greater than 1 /lO of that inferred 
in the preceding paragraph. 

Table 27. — ^Permeability of Rubber to Water-vapor 

(These sources are those quoted in hit Crit Tables, 2, 272, and 5, 76 

See also Table 28 ) 

dm/dr = D dA (A^/Aat), dv»/dr = (DTo/AnT) dA (A/>/A.t), k s 
DTo/AnT, subscript h indicates that the quantity applies to hydrogen For 
explanations of symbols, see text 

J. Dewar made some determinations on Pai a rulilier It was initially 

1 mm thick, but was stretched until A.r was about 001 mm. One side of 
the rubber was in contact with water, which was considered as equivalent 
to the surface being in contact with saturated vapor Under these con- 
ditions, at 15 °C, he found k/kuIi = 163 For another sample, also at 15 ®C, 
he found KairAs = 0 178 Whence for water-vapor at 15 °C «/«* — 29.® 

J. D Edwards and S F Pickering report data leading to the follow- 
ing values for a dental dam, for the two cases, assumed to lie equivalent . 
(1) saturated vapor on one side, (2) water in contact with one side of 
the rubber. 

Unit of At - 1 mm, of D — I cmVscc, of ic — 1 cmVwc atm Temp = 25 ®C 
, ( 1 ) Vapor (?) Water n 


Sx 

lO'D 

10»«» 


Sx 

10>D 

10*«« 


0 18 

23 5 

21 5 

47 

0 21 

46 4 

42 5 

95 

0 25 

28 1 

25 7 

62 

0 25 

51 9 

47 2 

115 


* In Porter’s compilation Dewar’s value for K/Kf^ is given as 16, and the Edwards 
and Pickering values for 10"* are given as 160 for (1) and 35 for (2) The values 
given in the table are those derived by the compiler from tlie data given in the 
original papers 

*In Whitby’s compilation’* the value of k/k^ for (1) is given as 55, essentially 
the mean of the two here tabulated 


I® deBoer. J H , and Fast, J D, Kec Trav Chtm , Pays-Bas (4), 16 , 970-974 (193S). 
"•Barrer, R M. Kature, 140 , 106-107 <L) (1937) 

I® ScVmmaclier. F. E, and FerRuson, T , Jnd Eng Chem , 21, lSR-162 (1929) 

’••Whitby. G S. hit Crit Tahirs, 2. 272 (1927) 

'•Dewar, J, Prar Rov Ins! Crt Brit, 21, 813-826 fl91S) 

'•Edwards, J D. and Pickering, S F, Sn Papers Bur Stand, 16, 327-162 (S387) (1920) 
~*Chem. Met. Eng., 23. 17-21, 71-75 (1920) 
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Rubber .* — Certain remarks on the diffusion process in rubber have been 
published by R. M. Barrer *** Since the publication of the International 
Critical Tables, E E Schumacher and L Ferguson have published their 
studies of the passage of water-vapor through rubber The work was done 
under such conditions that expression (8) might be expected to apply 
Their results are presented in the form of smooth curves of pm versus t 
W hen values of pm were read from those curves and log (/>! — pm) was 
plotted against t, the resulting graphs were not straight, but were convex 
toward the origin, showing that the observations do not satisfy expres- 


Table 28. — Diffusion of Water-vapor through Various Solids 

(For diffusion through copper see text, through rubber see 
also text and Table 27 ) 

Bjc = thickness of film , D = coefficient of diffusion ; p = vapor pressure 
on “wet” side of film, on other side p = 0 

Unit of D — 1 cmystc, of p = 1 mm-Hg, of Ajr = 1 cm 'I emp = f ‘C 

I Acetylcellulose and nitrocellulose Not more than one film was 
used in a series ; D vanes with p, its value being determined by the amount 
of water in the film The films were prepared on a polished plate (glass or 
silver), and stripped The side that had been against the plate had a high 
polish , if that IS the “wet” side of the film. D is greater than if the diffusion 
took place m the opposite direction , in a case for w'hich data are given the 
difference was 14 per cent. 


Acetylcellulose, unfilled 

I w 25 Ax * 0 010 cm 

p 23 76 20 90 13 78 4 99 

10*D 109 102 81 83 


Nitrocellulose, unfilled 
/ M 20 *'C, Ax • 0 004 cm 

17 59 14.90 

164 142 


Acetylcellulose filled with 1 part toluenesulfannde to 1 5 pf^rt^ eth^lpbthalate 
1-25 "C, At - 0 0054 cm, f — 23 756 mm>Hg 

Filler (%) 0 10 25 

IVD 99 74 45 


II. Miscellaneous mater Ms. 


Material 

iwax 

up 

1 

10*0 

Asphalt sealing compound 

Balata 

82 0 

22 8 

25.0 

3 30 

38 4 

22 8 

25 0 

5.16 

Balata 

38 4 

10 5* 

25 0 

4 82 

Bakdite (molded) 

55 6 

22 8 

25.0 

13 8 

Bensyl cdlulose 

68 6 

22 8 

23 9 

30.3 

Cellulose acetate 

163 

22 8 

25.0 

448 

Cellulose acetate 

15 6 

22 8 

25 0 

465 

Cellulose acetate (plasticized) 

2 45 

22 8 

25 0 

3 39 

Cellulose film (waterproof) 

4 40 

22 8 

25 0 

234 

Phenol fiber 

78 0 

22.8 

25.0 

14 0 

Phenol fiber 

78 8 

22 8 

25 0 

15 0 


* See also Tables 27 and 28 

Wotneasenaky, S, and Dubnikow, L M« Koll Z » 183-194 (1936) 

m Taylor, R. L., Herrmaoa. D B, and Kemp, A R, Ind Emg Ckem, 28, 1255-1263 (1936) 
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Table 2S — (Continued) 


Material 

10"Ar 

A/> 

t 

10* n 

Polystyrene (lO’Ax from 54 to 209) 

Vanous 

18 0 

21.1 

113 

Polyst}rrene (lO'Ax from 54 to 209) 
Rubber hydrocblonde (plasticized) 

Various 

11.9« 

21.1 

11 2 

29 

18 0 

21.1 

148 

Vinyl chlonde (plasticiz^) 

48 1 

18.0 

21.1 

10 7 

Vinyl chlonde (plasticized) 

460 

18 0 

21.1 

11.1 

Wax, hydrocarbon 

51 

18.6 

21 1 

0.18 

Rubber * (soft-vulcanized) 

35 4 

7 66 

25.0 

19.0 

Rubber* (soft-vulcanized) 

35 4 

17.8 

25.0 

19 1 

Rubber * (soft- vulcanized) 

35 4 

21.5 

25 0 

19.7 

Rubber * (soft-vulcanized) 

35 4 

22.8 

25.0 

21 0 

Rubber* (soft-vulcanized) 

35 4 

23.6 

25 0 

22.1 

Rubber* (soft- vulcanized) 

Rubber (hard; «. r,, 32% combined 

36 6 

5 8* 

25 0 

22.7 

Sulfur) 

48 5 

22.8 

25.0 

4 33 

Paragutta insulation*’ 

46 9 

22 8 

25.0 

5 51 

Paragutta insulation*’ 

449 

22 8 

25.0 

5 34 

Paragutta insulation*’ 

46.7 

10.5* 

25.0 

5.14 

Paragutta insulation*’ 

44.9 

10 5 

25.0 

4.94 

Guttapercha 

32 4 

22 8 

25 0 

4.25 

Guttapercha 

32 4 

10 5* 

25.0 

4 15 

Chloroprene polymer (vulcanized) 

86 5 

18.0 

21.1 

744 

Polyethylene tetrasulfide 

76.3 

18 0 

21.1 

0.62 

Temperature-* 0 0 

210 

21 1 

25 30 

35 



n 



Polystyrene 

Rubber (vulcanized) 13 2 

19 5 

n 3 

21 0 

13.3 

25.2 


Silk (varnished) 9.9 


® The partial pressure of HjO on one side of the material was always zero except 
for the cases to which this note refers, (or them the partial pressure on the low- 
pressure side was as follows for Af> = 10 5 it was 12 3, for = H 9, 61, for 
A/i = S 8, 17 8 

^ Composition Crepe 90, sulfur 1 S. zinc oxide 2 5, mineral rubber 3 0, paraffin 1 5, 
stearic acid 0 S, tetramethyl thiuram disulfide 0 5, phenyl-P-naphthylamine 1 0. Vulcan- 
ized in mold at 126 °C for 20 mm 
‘ Submarine cable insulation 


Sion (8). Furthermore, tlie values derived by the observers for what they 
call the permeability of rubber seem to have been based in each case on 
some kind of average of the slopes of the graphs over the first interval of 
20 to 40 hours Had an equal interval at a later time been used, much 
smaller values would have been obtained, their observations extended to 
120 to 300 hours For these reasons the reader is referred directly to their 
paper They stated that D is inversely proportional to the thickness of the 
specimen. 

For values reported in the Intenuitiotud Critical Tables see 

Table 27. 

Miscellaneous materials — The articles cited in Table -28 contain much 
detailed data ; they have not been critically examined by the compiler, who 
has merely converted the final values into the units here used. 
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14. Pressure-volume-temperature Associations for 
Dilated Water-vapor 

By dilated water-vapor is meant the vapor at a pressure that is less than 
its saturation pressure at the temperature concerned The adjective 
“dilated” is less ambiguous than the more frequently used “unsaturated,” 
which is equally appropriate to the supersaturated condition. 

Equations of State. 

Numerous equations of state for dilated water-vapor have been pro- 
posed, but none has been generally accepted (see *T 2 18 oj 

Only the following equations of state are further considered in this com- 
pilation Linde’s (1905), equation (1), which represents very exactly the 
observations of O. Knoblauch, R Linde, and H Klebe,^'*'^ and m which 
Ti = 273.0 + t. 

Pv/m = A7 ITi - P[1 -f 2P(10-8)] [0031(373/ri)-‘ - 00052] 
(kg/m*) (nvVkg) 

= 4 5583ri - P[1 -t- 0 02066P] 131 (373/ri)< - 5.2] 

cm'*-atm/g (1) 

Callcndar'.'. (1920-1928) equation (2), Imsed upon (jiiite different consid- 
erations, m which T = 273.1 + t, 

Pv/m = 477' - PIO 0263(373 l/P)’®'* - 0 001] (kg/m*) (nvVkg) 

= 4 55 1 ..7' - P 126 3 ( 373 1 /7’) ‘ - 1 ] cm* atm/g (2) 

and Keyes, Smith, and Gerry’s equation (3),*** representing their own 
observations at the Massachusetts Institute of Technology 

Pv/m = 4 555047’2 -h PB cm’ atm/g (3) 

in which Tn = 273 16 4- /, temperature being t °C, and 


“Lmde, R, Mitt Forjch Gch Jng . 21, 57-92 (1905) 

>"Bo«e, E, Z. Blcktrochem, M, 269-271 (1908) 

IT* Wohl, A , Z phvsik Chem , 87, 1-39 (19M) 

Holst, G, Hroc Akad Wet Amsterdam, 19, 932-937 (1917). 

TT* Collendar, H L , “Properties of Ste.im,” 1920, World Power, 1, 274-280, 325-328 (1924) . 
Eftomeertng (London), 126, 594-595, 625-627 , 671-673 (1928) 

TTT Eicbelberg, Mitt Forseh Ceb ing , 220, 1-31 (1920) 

•"Tamlirr, O, SiM Akad H wf Wten (2a). 130, 93-133 (1921). 

'"Jaiyna, W, Z techn Phystk. 8, 159-160 (1927) 

"•Newitt, D. M, Proc Roy Soc (London) (A), 119, 464-480 (1928) 

Hecic, R C H , Meehan Eng 51, 1 16-122 (1929) 
t** Hausen, H, Forseh Cebtete Jngentenrw , 2, 319-326 (1931) 

» Jakob, M, Engtnecrtng (London). 132, 143-146, 651-653, 684-686, 707-709 (1931) 
•MNanmann, F, Z physik Chem (A). 159, 135-144 (1932) 

"•Sugawara, S, Mem Cot Eng Kyoto Imp Untv, 7, 17-48 (1932). 

>** Keyes, T. G , Smith, L B , and Gerry, H T., Meehan Eng, 56, 87-92 (1934), Idem, 57, 164, 
176 (1935); Proc Am Aead Arts & Set , 70, 319-364 (1935) 

T*T Knoblauch, O, Linde, R, and Klebe, H, Mitt Forseh Geb Ing, 21, 33-55 (1905). 
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Table 29. — ^Isopiestics of the Specific Volume of 

Dilated Water-vapor 

(See also Tables 30 and 31). 

The values given in the first section are those of Keyes, Smith, and 
Gerry, computed by means of formula (3) for v/m > 10 cmYg, and derived 
by graphical methods for smaller volumes. In the second are the values 
obtained by J. Havlicek and L. Miskovsky,^®^ and in the third are those 
derived by M. Jakob from the observed values of the specific heat at con- 
stant pressure. See also Table 32. 


Unit of p — 1 kgVcni* = 

980665 dynes/cm^ 

— 0 96784 atm, 

, of v/m — ] cmVge Temp 


I Keyes, Smith, and Gerry (1935) 





P-* 

1 

5 

10 

2S 

50 

100 

f 



.. /... 







V/wn 




m 

17296 






ISO 

1975 4 






200 

2215 8 

433 8 

2104 




250 

24541 

4841 

237 6 

8899 



300 

26913 

533 2 

2633 

101 1 

46 41 


350 

2927 9 

581 6 

2882 

1121 

S3 12 

23 03 

400 

3164 1 

629 6 

312 7 

122 6 

59.05 

27 05 

450 

34001 

677 4 

3370 

132 7 

6460 

3041 

500 

3636 0 

725 0 

3611 

142 7 

69 92 

33 45 

550 

3871 8 

772 5 

3851 

152 6 

75.10 

3632 

P-* 

ISO 

200 

2S0 

300 

350 

400 















350 

1198 






400 

1610 

10 31 

6366 

3 022“ 

2173* 


450 

1890 

13 05 

9456 

6 979 

5168 

3858 

500 

2125 

1511 

1139 

8 898 

7108 

5 774 

550 

23 36 

16.87 

1296 

1035 

8.494 

7.109 

11 Havlicek and Miskovsky (1936) 





P-* 

1 

25 

so 

luo 


150 

i 














100 

17287 






150 

1974 5 






200 

2215 1 






250 

2453 4 

88 96 





300 

2690 5 

1010 

4638 




350 

2927 2 

1120 

5307 

23 02 


1197 

400 

3163 3 

122 5 

59 02 

27 04 


1611 

450 

3399 4 

1327 

64 58 

30 41 


1891 

500 

3635 I 

1427 

6992 

33 47 


2127 

550 

3870 9 

1526 

7510 

36 34 


2340 

P-* 

200 

250 

300 

350 


400 

f 



r* 




400 

1031 

6365 





450 

1307 

9473 

6970 




500 

1513 

1142 

8927 

7126 


5 761 

550 

16 91 

13 01 

1040 





“• Keyes, F G , Smith, L B , and Gerry, H. T , Mcch Eng , 57, 164, 176 (1935) , free Am 
Acad. Art, and Sn.n, l\9-Z6* iWi). 
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Table 29 — (C<mtmutd) 

III. Jakob (1912) 


P-* 

1 

3 

s 

7 

9 

llo 

17816 





120 

18302 





130 

18789 





140 

19273 

630 5 




150 

19755 

647.6 




160 

2023 7 

6646 

392.3 



170 

20716 

6814 

403 0 

283 3 


180 

21196 

6981 

413 6 

2913 

2232 

190 

21674 

714 6 

423 9 

299 2 

2296 

200 

22152 

731 1 

4342 

306 8 

2359 

220 

23107 

7639 

454 4 

3217 

247 9 

240 

24060 

796 4 

474 4 

3364 

259 7 

260 

2501 1 

8288 

494 2 

3509 

2712 

280 

25960 

8611 

5140 

365 3 

2826 

300 

26909 

893 2 

5337 

379 5 

2939 

350 

29279 

973 3 

5824 

414 7 

3217 

400 

3164 3 

10529 

6306 

449 6 

3491 

450 

34006 

1132 3 

6786 

4842 

376 2 

500 

3636 4 

12113 

726 2 

518 4 

4029 

550 

38722 

12902 

7738 

552 5‘ 

429 5 

P-* 

11 

13 

IS 

17 

19 

a 






• 






190 

1852 





200 

1906 

1591 

1359 



220 

2009 

1683 

1443 

125 9 

1113 

240 

2108 

1770 

1520 

133 0 

1180 

260 

2205 

1853 

159 5 

139 7 

124 2 

280 

230 0 

193 5 

1668 

146 3 

1302 

300 

2393 

2016 

1739 

1527 

1359 

350 

262 4 

2214 

1913 

168 3 

1501 

400 

2850 

240 7 

208 2* 

1834 

163 7 

450 

3074 

259 7 

224 8 

1981 

1771 

500 

3294 

278 5 

2412 

212 6 

1901 

550 

3512 

2971 

2573 

226 9 

2029 

* It seems probable that one of these values given by Keyes, Smith, and (Jerry for 


t = 400, p = 300, 350 is incorrect, see Table 32 


‘Published values 556 8 for ^ = 7, 1 = 550, and 210 9 for p = \$, 1 = 400, are 
obviously affected by typographical errors 


B = 5o + Bo^g,{rP) + Bo*q^{rPy - r = I/T 2 . 

Bo = 1 89 - 2641 62 t( 10) w*’**’*, 
gi = 82 546t - 1 6246t=( 10»). 
ga = 0.21828 - 1.2697 t2(10»). 
g^ = 3635(10-‘) - 6 768t*H10«<). 

This equation and the data given in the Academy paper supersede all others 
previously published by these observers 

CTo p «3) 

<* Jakob. VL, Z Ver Jetts Ing , M, 1980-1988 (1912) 

Knoblauch, O. and Jakob, M., Afill Forsch Geb /np, 35, 36, 109-152 (1906), Knoblauch. O, 
and Mollier, H , Idem. 108 - 109 , 79-106 (1911) 
w>*WohI. A, Z pkysth Ckem, 87, 1-39 (1914) 

»>HavIicdi, J.. and Miikovder, L, Helv Phys Acte, 9, 161-207 (1936). 
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Table 30. — Isopiestics (lbVi°*) of the Specific Volume of 
Dilated Water-vapor^*® 

As published, the pressures refer to g = 981 16 cm/sec® (London) ; 
here, the unit so defined will be denoted by the subscript L , those without 
subscripts are based upon the international value, g = 980665 


Unit of p = l(lb*/in»)L = 0 0«898,bar = 0 06808oatm, of v/m = 1 ft*/lb = 62 428 cm"/* 

Temp = * *C 

tumt 250 300 350 400 4S0 500 


p 

tuAt 




v/m 




400 

228 8 

11712 

12517 

14 ^ 

15872 

1 7391 

18867 

20292 

450 

2352 

10419 

10941 

12562 

14019 

1 5392 

16710 

17991 

500 

2412 

09380 

09662 

1 1191 

1 2532 

13790 

14988 

1 6151 

600 

2519 

0 7805 

0 7729 

09124 

10309 

1 1387 

12409 

1 3392 

700 

2612 

06672 


0 7643 

0 8709 

0 9667 

1 0560 

1 1422 

800 

269 7 

0 5804 


06515 

0 7508 

0 8379 

0 9180 

09943 

900 

2774 

0 5120 


0 5627 

0 6569 

0 7372 

08102 

08795 

1000 

284 5 

04570 


04901 

0 5816 

0 6563 

0 7239 

0 7871 

1200 

2972 

0 3727 


03707 

0 4673 

0 5354 

0 5944 

06490 

1400 

308 4 

03111 



0 3839 

0 4482 

0 5018 

0 5504 

1600 

318 4 

0 2635 



03191 

0 3823 

04320 

0 4762 

1800 

3275 

02255 



02661 

03302 

03775 

04182 

2000 

335 8 

01936 



0 2205 

0 2879 

0 3336 

03719 

2400 

350 6 

01433 




02216 

02670 

03022 

2800 

361 3 

01020 




01703 

02181 

02517 

3200 

373 6 

0 0629 




01253 

01800 

0 2136 

3600 


‘ 




0 0805 

01491 

01837 

4000 







01213 

01589 


Table 31. — Specific Volume of Dilated Water-vapor, and its Defect**® 

(Third International Steam-Table Conference, 1934 ) 

For the allowed tolerances and other data forming the skeleton tables 
then adopted for steam engineering, see Table 260. 

A = 4 706367 ' IP — v/m, T = 273 1 -I- t, units as stated below ; 
4 70636T (cm®/g) (kg*/cm®) = 4 555T cm®atm/g These values of A 
are comparable with those in Tables 32 and 33 Specific volume is v/m, 
pressure is p 


Unit of p *= 1 kgVcm* — 0 96784 atm, of 4 706367'-®! (cmVg) (kgVcra*) , of vfm and of 
d =® 1 craVg Temp — i*C 


#-* 

1 

5 

10 

25 

50 

4 70636r 
17559 
19913 
22266 
24619 

100 

150 

200 

250 

1730 

1975 

2216 

2454 

433 8 
4841 

2104 

2376 

89 0 


300 

2691 

533 2 

263 3 

101 1 

46 41 

26972 

350 

2928 

5816 

288 2 

1121 

5312 

2932 5 

400 

3164 

629 6 

3127 

1226 

59 05 

31678 

450 

3400 

6774 

3370 

132 7 

64 60 

3403 2 

500 

3636 

7250 

361 1 

1427 

69 92 

36385 

550 

3872 

772 5 

3851 

1526 

7510 

3873 8 


Callendar, H L , Proc Inst Meek Eng , 1929, 507-527 (1929). 

^ Third International Steam-Table Conference, 1934; Mech Eng, 57* 710-713 (1935) 
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T«ble 31 — (Continued) 


P-* 


7S 

100 

12s 

150 

200 

2S0 


300 

300 


27.48 









350 


33 22 

23.03 

1666 

1198 





400 


3778 

2705 

20 53 

1610 

1031 

6 366 

302 

450 


4183 

30 41 

23 52 

1890 

13 05 

946 


698 

500 


4562 

33 45 

2614 

2125 

1511 

1139 


890 

550 


4925 

3632 

28 55 

23 36 

1687 

12 96 


1035 

<>-* 

1 

5 

10 

25 

50 75 

100 

A — — 

125 ISO 

200 

250 

300 

100 

‘26 










150 

16 










200 

11 

11 7 

123 








250 

8 

83 

86 

94 







.500 

6 

62 

64 

68 

753 848 






350 

4 

49 

50 

52 

5 53 5 88 

629 

6 80 7 57 




400 

4 

40 

41 

41 

431 446 

463 

481 5 02 

5 53 

6 305 

7 54 

450 

3 

32 

33 

34 

3 46 3 55 

362 

3 71 3 79 

3 97 

415 

4 36 

500 

2 

27 

27 

28 

285 289 

2 93 

297 3 01 

3 08 

316 

3 23 

550 

1 

23 

23 

24 

238 2 40 

2 42 

244 246 

2 50 

2 54 

2 56 


Table 32 . — Defect of Specific Volume of Dilated Water-vapor: 
Isopiestics (kg^^m^) 

Here are assembled the values of the amount (A) by which the several 
values of the specific volume of water-vapor, as given in Table 29, fall short 
of that of an ideal gas (A/ = 180154) under tlic same conditions of tem- 
perature and pressure They may conveniently be used for computing the 
specific volume as defined by any of those sets of values and at any temper- 
ature and pressure within the range of the table 

v/in ~ 4 ?0636Tfp — A, where T = 273 1 -I- /, units being as stated 
below, 4 706367' (cmYg) (kgVom-) = 4 5557'cm* atiii/g, the basis used 
in this compilation. 

Example* at 300 °C and 25 kg^/cni-, A = 68 for the K S G set, and 
69 for the H M set, that is, this specific volume in the second set is 01 
cmVg smaller than in the first, its actual value being (2697 21/25) — 69 = 
101 0 cm''/g, agreeing with the corresponding H ^i value in Table 29. 

Unit of ^ * 1 kgVcm* « 980665 dynca/cm* « 0 96784 atm, of 4 706167 *=* 1 (cmVg) (kgVcm*), 
of A * 1 cn^/g Temp = f ''C 

Keyes, Smith, and Gerry (1935) 


/■-» 

1 

1 

5 

10 

25 

SO 

100 

150 

200 

250 

^00 

ISO 

400 

100 

2^ 













150 

159 












200 

108 

11 5 

12 3 










250 

78 

8 3 

86 

949 









300 

59 

62 

64 

68 

7 53 








350 

46 

49 

50 

52 

5 53 

630 

757 






400 

38 

40 

41 

41 

431 

463 

502 

553 

6 305 

7 538* 

6878* 


450 

31 

32 

3 3 

3 4 

346 

362 

3 79 

397 

4157 

4365 

4 555 

4 650 

500 

25 

27 

28 

28 

285 

294 

301 

308 

316 

3 230 

3288 

3322 

550 

20 

23 

23 

24 

2.38 

2.42 

246 

2 50 

2 54 

256 

2574 

2 576 
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Table 32 — (Contmued) 
Havlicek and Miskovsky (1936) 


P-* 

f 

4 706367' 

1 

2S 

so 

100 

ISO 

200 

_ ^ 

250 

“ 300 

3S0 

400 

100 

175594 

‘mi 









% 

ISO 

199126 

16 8 










200 

2226 58 

114 










250 

246190 

85 

952 









300 

269721 

67 

69 

756 








350 

2932 53 

53 

S3 

5 58 

6 30 

7 58 






400 

316785 

45 

42 

4 34 

464 

501 

5 53 

6306 




450 

3403 17 

38 

34 

3 48 

3 62 

3 78 

3 95 

4140 

4 374 



500 

363849 

34 

28 

2 85 

2 91 

299 

306 

313 

3 201 

3268 

3 335 

SSO 

3873 80 

29 

24 

2 38 

240 

242 

246 

248 

2 51 




Jakob (1912) 


P-* 

t 

4 lObltT 

1 

3 

5 

7 

9 

n 

13 

IS 

17 

19 

110 

1803 00 

214 









\ 

120 

1850 07 

19 9 










130 

1897 13 

18 2 










140 

1944 20 

16 9 

176 









ISO 

1991 26 

15 8 

16 2 









160 

2038 32 

14 6 

14 8 

154 








170 

2085 39 

13 8 

13 7 

141 

146 







180 

213245 

128 

127 

129 

133 

13 7 






190 

2179 52 

119 

119 

12 0 

122 

126 

12 9 





200 

222658 

114 

11 1 

11 1 

113 

115 

118 

122 

125 



220 

2320 71 

10 0 

97 

97 

98 

100 

101 

102 

104 

106 

108 

240 

241483 

88 

85 

86 

86 

86 

87 

88 

90 

90 

91 

260 

250886 

78 

75 

76 

75 

76 

76 

77 

78 

79 

78 

280 

2603 09 

71 

66 

66 

66 

66 

6 6 

6 7 

67 

68 

68 

300 

269721 

6 3 

59 

57 

58 

58 

59 

59 

59 

60 

60 

350 

293253 

4 6 

42 

41 

42 

41 

42 

42 

42 

42 

42 

400 

3167 85 

3 6 

30 

30 

30 

29 

30 

30 

3 0* 

29 

30 

450 

3403 17 

26 

21 

20 

20 

19 

20 

21 

21 

21 

20 

500 

363849 

21 

1 5 

1 5 

14 

14 

14 

1 4 

14 

15 

14 

SSO 

3873 80 

16 

1 1 

10 

10‘ 

09 

10 

09 

10 

10 

10 


* It seems probable that one of the values given for v/m at t = 400, * = 300. 350 
(Table 29) is incorrect 

* From the corrected values as given m Table 29 


(Cont'd from p 80) 

Data computed by means of each of these equations will be found in the 
tables here given. In certain cases they are represented by the amounts by 
which they fall below the corresponding values defined by Pv/m = 4 S5Sr 
cm®atm/g. These defects, being strictly comparable, afford a ready means 
for comparing the several sets of values ; they also facilitate interpolation 

By graphical means, M. Jakob has derived an extended table of 
specific volumes from the values found by Knoblauch and co-workers for 
the specific heat of water-vapor.‘»« These values agree well with the direct 
observations of Knoblauch, Linde, and Klebe, represented also by Linde's 
equation ( 1 ) , and extend far beyond the range covered by them. Thw are 
given in Table 29. 

Several sets of directly observed values are also tabulated, either directly 
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or in terms of deviations Values that have been accepted more or less by 
engineers at various times may be found in the numerous steam tables, see 
Table 259. 


(To p 90) 


Table 33. — Defect of Specific Volume of Dilated Water-vapor: 

Isopiestics (atm) 

Here are assembled the several values of the amount (A) by which 
certain observed and computed values of the specific volume of dilated 
water-vapor fall short of that of an ideal gas (Af = 180154) under the 
same conditions of temperature and pressure. They furnish a convenient 
means for comparing the several sets and foi determining the specific 
volume, as defined by those sets, corresponding to any temperature and 
pressure within the range covered At lower temperatures the relative 
departure from ideality, even at saturation, is small, ^A/4 55ST (= i/v,* 
of Table 250) being <05 per cent if # ^ 60 °C, 09 per cent at 80 °C, 
1.7 per cent at 100 °C, and 2 0 per cent at 110 °C 

Example What is the value of pv/nt at 160 °C and 3 atm on the basis 
of the “I” values (Int Crit. Tables) ? At 160 °C and 5 atm A = 15 2, at 
1 atm it IS 15 — 1 = 14; whence at 3 atm it is 14 6, giving /)A = 43 8, and 
pv/m = 1972 8 — 43 8 = 1929 0 The value given in I C T is 1929 
v/m = 4 555r//> — A cin’/g. units as stated below 


Unit of p — 1 atm = 1 01325 hara 1 03323 kg'/cm*. of 4 555T = 1 cm'atm/g, of A = 1 cmVg. 

T = 273 1 + » Temp = ( 'C 


loop-* 17 21 30 37 45 57 61 67 68 72 73 

t 4 555r A(Shirai)* 


80 

100 

120 

140 

P-* 

Ref*-* 

i 

16084 

1699 5 2( 

17906 

18817 

4 SSST , 

) 

1 

-■ J ^ 

14 

7 

16 

12 

7 

5 

7 

8 

7 34 

10 43 50 

in 

I 

L 

C 

r 

I 

L 

^ . 

C 

I L C 

no 

1745 0 

22 

23 

24 





120 

1790 6 

19 

21 

23 





130 

18361 

17 

19 

21 





140 

18817 

16 

17 

19 





150 

19272 

15 

15 

18 





KiO 

1972 8 


14 

17 

152 

15 8 

15 4 


170 

20183 


12 

16 

138 

14 4 

14 2 


180 

20639 


11 

14 


13 0 

13 2 


185 

20866 


10 

14 


12 4 

126 

140 138 124 

200 

21550 


9 

13 


10 8 

112 

119 no 

• References 








C 

Callendar’s 

equation of state, 

equation (2) 




I Compilation by F G Keyes based on observations by A Battelli,'* M 
Jakob, “* and O Knoblauch, R Linde, and H Klebe’” 

L Linde’s equation of state, equation (1) 

S T. Shirai '•* 


»* Keyes, F G , /»« Cnt Tabltt, 3, 436 (1928). 

"Battdll, A, Aim CAim. Pkyt (6). M, 394-425 (1892); (7), i, 408-431 (1894) 
»*Shiisi. T.. Bull. Cktm. Soc. Japan, 2, 37-40 (1927). 
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Table 34. — Defect of Specific Volume of Dilated Water-vapor: 
Isopiestics (lb*/iQ^) 

(From Callendar’s data, see Table 30.) 

v/m — 66 906o7'//> — A cm'/g, the unit of /> being 1 (lb*/m‘^)i, where 
<7 = 981 16 cm/sec- (London) , 66 906bT cm® (lb*/in‘*)L/g = 4 SSST 
cm® atm/g Hence these values of A are directly comparable with those of 
Tables 31, 32, and 33. For values of <*at. see Table 30 


Unit of P = 1 (lh*An^)i,, of P ~ 1 atm ** 1 01325 of A = I cmVnf 


66 906tT^ 

M O 

250 

34998 8 

300 

38344 2 

350 

41689 5 

400 

45034 8 

A — 

450 

48380 1 

500 

51725 5 

laat 

V 









400 

27232 

936 

6 78 

514 

402 

317 

263 

1084 

450 

30 636 

9 47 

6 79 

512 

399 

319 

2 63 

10 53 

SOO 

34 040 

9 68 

6 82 

514 

3 98 

319 

2 62 

1026 

600 

40 848 

1008 

695 

513 

397 

317 

2 60 

982 

700 

47656 


706 

520 

3 99 

319 

2 59 

9 42 

800 

54464 


7.26 

524 

399 

317 

258 

916 

900 

61 272 


7.48 

5 31 

402 

318 

2 57 

896 

1000 

68080 


7 75 

538 

406 

319 

2 59 

8 78 

1200 

81696 


843 

557 

410 

3 21 

2 59 

853 

1400 

95312 



581 

419 

323 

259 

8 37 

1600 

108928 



614 

428 

3 27 

260 

8 28 

1800 

122544 



6 55 

440 

3 31 

263 

825 

2000 

136160 



708 

4 54 

364 

265 

8 28 

2400 

163392 




493 

349 

269 

844 

2800 

190 624 




4 45 

366 

2 77 

883 

3200 

217 856 




6 25 

388 

2 83 

9 59 

3600 

245 088 




748 

413 

290 


4000 

272320 





4 52 

301 



Table 35. — Isometrics of the Pressure (atm) of Dilated Water-vapor 

Four sets of experimental data, here indicated by superscripts o, b, c, 
and d, as finally corrected by the authors, are given These include, with 
corrections, and supersede similar data previously reported from that 
laboratory,*** and are the data from which formula (3) was derived. 


Unit of v/m ~ 1 cmVgf 
v/m-> 150 0“ 

of P =*= 1 
140 0* 

atm = 1 01325 bars = 1 03323 kg’/cm’ Temp = 1 ‘C 

100 0» 97 5» 75 Os 75 0* 

195 


13 787 




196 


13 898 




197 


13 957 




198 


14003 




199 


14040 




200 

13 220 

14074 




210 

13 591 

14 479 




212 5 



19612 



220 

13 952 

14 871 

20086 

20 514 

(26 238)’ 

230 

14 302 

15252 

20664 

21 106 

26 503 26 482 


Keyei, F G, Smitb, L B, and Gerry, H T, Proc Am Acad Arts Set, 70, 319-364 (193S) 
“•Smilh, L. B, and Keyes, F G., Meek Eng, 52 , 123-124 (1930), 53 , 135-137 (1931), 54 , 123- 
124 (1932), Keyes, F. G, and Smith, L B, Idem, 53, 132-135 (1931). 
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Tabu 35 — (Contmued) 


v/m-* 

t 

150 o< 

140 0* 

100 o» 

97 $• 

p 

75 0* 

75 0* 

240 

14647 

15627 

21 217 

21688 

27309 

27303 

250 

14986 

16014 

21769 

22258 

28099 

28082 

260 

15 323 

16 366 

22297 

22 816 

28869 

28 854 

270 

15658 

16 745 

22 825 

23 365 

29618 

29 592 

280 

15990 

17087 

23 356 

23 905 

30355 

30 345 

290 

16319 

17 448 

23863 

24 437 

31081 

31055 

300 

16 646 

17802 

24378 

24964 

31794 

31767 

310 

16971 

18146 

24881 

25485 

32496 

32 476 

320 

17297 

18502 

25391 

26001 

33188 

33154 

330 

17.620 

18 839 

25 892 

26 514 

33 870 

33 857 

v/m-* 

t 

57 5« 

so o» 

so 0 * 

40 0* 

p 

40 0* 

40 0* 

250 

34983 

39052 

39 388 




260 

36 051 

40469 

40592 




264 




48689 

48 827 


265 





48996 


270 

37090 



49 753 

49 855 

49 856 

280 

38104 

42988 

43 088 

51 417 

51 511 

51 533 

290 

39101 





53123 

300 

40 078 

45 366 

45 483 

54613 

54 708 

54665 

310 

41 035 





56 169 

320 

41980 

47688 

47751 

57 643 

57711 

57642 

330 

42915 





59 096 

340 


49914 

49985 

60 586 

60 646 


360 


52105 

52188 

63428 

63 497 

See end 

380 


54 257 

54 308 

66 225 

66 279 

of table 

400 


56384 

56 426 

68 963 

69015 


420 


58465 

58503 

71 658 

71682 


440 


60 546 

60 555 

74 311 

74 320 


460 


62605 

62608 

76966 

76947 


t 

39 5 ‘ 

30 0» 

30 0' 

20 O'* 

D 

20 0* 

20 o» 

264 

49164 



— ■ ■ ■ 



270 

50 322 






280 

52 008 






281 


63622 

63 730 




290 

53.635 

65 821 

65921 




300 

55 229 

68145 

68220 




305 





90 499 

90 604 

305 5 

310 

56 745 



90 765 

92 582 


(91 143) 

320 

58 261 

72 568 

72611 

96 342 

96449 

96301 

330 

59 718 



100 009 



340 


76 832 

76841 

103 586 

103627 

103 654 

350 




107 103 



360 


80841 

80.900 

110 525 

110 456 

110 504 

380 


84804 

84845 

117105 

117 049 

117 092 

400 


88674 

88678 

123 535 

123 400 

123 436 

420 


92437 

92439 

129 632 

129 628 

129624 

440 


96161 

96152 

135 594 

135656 

135 674 

460 


99836 

99789 

141484 

141580 

141587 
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Table 35 — (Contmued) 


v/m’^ 

17 54 

15 04 

12 54 

10* 

p 

7 54 

6 254 

313 

' 101 287 






320 

104286 






322 


113965 





330 

108690 

118 413 





332 5 



130 593 




340 

112988 

123 725 

135657 




344.5 




151 833 



350 

117154 

128838 

142215 

156 607 



357 5 





178 402 


360 

121235 

133 857 

148 566 

165 137 

181 389 


3645 






194 118 

370 



154741 

173 384 

193 226 

201 951 

380 

129 679 

143 453 

160 516 

181 385 

204 683 

216 133 

400 

136666 

152670 

172435 

196 909 

226 821 

243 518 

420 

143930 

161 501 

183610 

211 775 

248 049 

269746 

440 

150958 

170 094 

194464 

226 179 

268 715 

295 539 

460 

157886 

178 473 

204988 

240171 

288 700 

320444 

v/m-t 

5 04 

4 04 

3 04 

2 04 

v/m-* 

40» 



J 



f 

p 

■ 

r 






370 




220 025 

310 

56 192 

3715 

210 784 




320 

57 638 

375 


219 842 

220644 


330 

59102 

380 

225 819 

230931 

234370 

267 878 



390 


252 748 

262404 

317298 



400 

260 715 

274 367 

290947 

367654 



410 


295 536* 

319801 




420 

294 563 

317218 

348.962 




430 


338.537 





440 

327836 

359 710 





460 

360 173 






•• <* 4 

These superscripts serve 

to identify the several 

sets of data 



• This IS for t = Zn 5 °C 


' This IS for t = 306 0 °C 

' The authors state that this value is evidently in error , b> interpolation they 
find 295866. 


Table 36. — Isometrics of the Pressure (kgVcm-) of 
Dilated Water-vapor^®® 

(See also Table 38.) 

Experimental results as smoothed by the observers 


Unit of v/m = 1 cmVg, ot f = 1 kgVcm* = 0 96784 atm. Temp = t "C 


v/m-* 

10 

9 

8 

7 

6 

5 5 

5 

45 

350 

’ 162 








360 

174 

181 







370 

184 

193 

202 

209 

213 




380 

192 

201 

211 

221 

229 

231 

233 

235 

390 

199 

210 

221 

233 

244 

248 

252 

255 

400 

207 

217 

230 

245 

258 

264 

269 

274 

lONieuwenburg, C. 

J„ and Blumendal, ] 

S. B., Ree. frav. chim Payt-bas, 51, 707-714 (1932), 
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Table 36 — (Continued) 


v/m-* 

t 

10 

9 

8 

7 

6 

55 

5 

4 5 

410 

213 

225 

238 

255 

272 

279 

286 

293 ' 

420 

219 

232 

247 

266 

286 

294 

303 

312 

430 

226 

240 

257 

277 

298 

308 

319 

330 

440 

233 

248 

266 

288 

311 

323 

334 

347 

450 

239 

254 

275 

298 

323 

337 

351 

364 

460 

246 

262 

284 

310 

337 

351 

366 

382 

470 

252 

269 

292 

319 

347 

363 

380 

399 

480 

258 

277 

297 

328 

359 

376 

395 

416 

v/m-* 

t 

4 

3 5 

30 

25 

22 

20 

1 8 

1 6 

380 

236 

238 

241 

246 

256 

280 

344 

511 ' 

390 

259 

262 

268 

280 

300 

329 

403 

600 

400 

281 

287 

296 

313 

339 

379 

462 


410 

301 

311 

324 

348 

379 

430 

520 


420 

322 

334 

351 

381 

423 

477 

582 


430 

342 

356 

378 

416 

465 

525 



440 

361 

379 

405 

450 

504 

571 



450 

381 

401 

432 

486 

545 




460 

400 

424 

459 

520 

591 




470 

419 

444 

487 

553 





480 

439 

467 

515 

589 






Table 37.— Defect of Pressure (atm) of Dilated Water-vapor: Isometrics 

At the end of the table are certain values derived from the I. (Linde) 
data of Table 33 , the rest have been derived from the Keyes, Smith, and 
Gerry data of Table 35, the b data only being used when there are several 
sets referring to the same value of v/m. 

The fractional defect is 8, defined by the relation P = P,(l — 8), where 
Pi ( =4 55STm/v atm) is the pressure of an ideal gas (3/ = 18 0154) at the 
same temperature and density, except for errors in the assumed value of 
the gas constant (P) and m T. Here T = 273 1 + f. 

The values tabulated are 8 (r* + 1), it having been observed that this 
product varies less with v/m ( =r;*) than does either Sw* or 8(w* + 2). 
These values enable one to compare readily this set of data with those from 
which the values in Table 38 were derived, and to derive the approximate 
value of P corresponding to any specific volume and temperature within 
the range of the table For rough estimates of P, the proper value of 
8(z;* + 1) may be derived from the table by inspection, for more precise 
values, use may be made of the fact that 8(t'* + 1) varies almost linearly 
with the density, t being constant; and almost linearly with l/T, v/m being 
constant. 

As 8 has been derived directly from experimental data, it is subject to 
experimental irregularities, and so are the values of P derived from it 
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Table 37 — (Continued) 


Unit of v/m s v* 
v/m E »*-» 

= 1 cmVg! of 4.SSST - 1 
ISO 140 

cm* atm/g; 
100 
S(r* 

8 if dimenfionleti. Temp. = ( *C 
97.5 7S S7.S 

4. 



f 



• a/ 



195 

2132^ 


13.359 





196 

2136.75 


12.605 





197 

2141 30 


1Z335 





198 

214586 


12.185 





199 

2150.42 


12.118 





200 

2154.97 

12050 

12078 





210 

2200.52 

11107 

11115 





220 

224607 

10304 

10 304 

10.679 

10.786 



230 

2291.62 

9 642 

9619 

9 926 

10053 

10.131 


240 

2337.17 

9.053 

9.013 

9.311 

9381 

9412 


250 

238272 

8544 

8.329 

8 724 

8 787 

8821 

9114 

260 

2428.27 

8 073 

7957 

8 259 

8263 

8 270 

8560 

270 

2473 82 

7.637 

7240 

7 811 

7 793 

7.817 

8.067 

280 

251937 

7.245 

7118 

7 366 

7375 

7.345 

7.625 

290 

256492 

6893 

6 717 

7.034 

7001 

6987 

7.221 

300 

2610.47 

6.569 

6384 

6.670 

6659 

6.636 

6857 

310 

265602 

6275 

6136 

6385 

6 350 

6304 

6 531 

320 

2701 57 

5982 

5809 

6 074 

6 070 

6049 

6 230 

330 

274712 

5 723 

5.629 

5.806 

5.808 

5750 

5 952 

(•%%—* 


191.90 

19526 

21198 

21333 

22730 


Pi-» 


14210 

15238 

22 095 

22.725 

30391 


+ !)"*♦ 

12913 

12.542 

11.466 

11304 

10300 


v/m s V*-* 


so 

40 

3»5 

30 

20 

17.5 


4 sssr 






250 

2382.72 

9 206 






260 

2428.27 

8 502 






270 

2473.82 


8017 

7.958 




280 

2519 37 

7.489 

7 530 

7.476 




290 

2564.92 



7.048 

7.134 



300 

2610.47 

6.685 

6 690 

6 654 

6723 



310 

265602 



6322 




320 

270157 

5 987 

6008 

6 000 

6019 

6 006 

6.003 

330 

2747.12 



5.724 



5681 

340 

279267 

5.423 

5.421 


5414 

5415 

5.402 

350 

283822 






5.136 

360 

2883 77 

4926 

4929 


4929 

4913 

4.890 

380 

297487 

4492 

4491 


4489 

4475 

4387 

400 

3065.97 

4105 

4.112 


4102 

4096 

4.069 

420 

315707 

3 777 

3.776 


3.770 

3 755 

3 740 

440 

324817 

3468 

3480 


3468 

3459 

3.454 

460 

333927 

3193 

3 200 


3.195 

3.193 

3193 



25000 

263 05 


280.19 

304 64 

312.70 

Pi^ 


47.654 

61.054 


84.008 

90.477 

101.05 

«(w* + l)-* 

8988 

8.320 


7.556 

6.560 

6 240 

v/m s v*-» 


IS 

12 s 

10 

7.5 

6 25 


f 

4 sssr 



— 0(v* + 1} ' 




330 

2747.12 

5655 






340 

279267 

5367 

5303 





350 

283822 

5105 

5 044 

4930 




360 

2883 77 

4860 

4806 

4.701 

4.490 



370 

2929.32 


4.586 

4.489 

4295 

4.126 
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Table 37 — (Continued) 



4SS57- 

15 

12 5 

10 

+ 1) 

7.5 

6 25 

t 

r 





380 

297487 

4427 

4 395 

4293 

4114 

3 958 

400 

3065 97 

4049 

4 009 

3 935 

3784 

3 651 

420 

3157 07 

3 723 

3 686 

3 621 

3.491 

3378 

440 

3248 17 

3 432 

3 397 

3 340 

3226 

3 127 

460 

3339 27 

3173 

3141 

3 088 

2988 

2900 



32156 

332 03 

343 89 

35711 

364 05 

Pi-* 


113 74 

130 32 

15134 

177 98 

193 49 

«(»♦ + 

1)-^ 

5922 

5 522 

5 076 

4 495 

4 229 

vfm = »•-» 


50 

40 

3 0 

20 



4 sssr 



» J. 



t 






370 

2929 32 




2 549 


375 

2952 10 


3 511 

3103 



380 

2974 87 

3 723 

3 447 

3 055 

2460 


390 

302042 


3 327 

2 957 

2 370 


400 

306597 

3 449 

3 210 

2 861 

2 280 


410 

3111 52 


3100* 

2.767 



420 

315707 

3 201 

2990 

2674 



430 

320262 


2886 




440 

3248 17 

2972 

2785 




460 

333927 

2.764 





tnl—* 


370 53 

373 40 




Pi-* 


20909 

21641 




8(t/* + !)-♦ 

3860 

3 530 




From column L of Table 33, t 

= 200*C, 4 555r = 

2154 97 


p-» 

1 

2 

3 

5 

10 

V* s v/m — » 

2146 1068 

7080 

4202 

203 6 

J(v* -1- !)-♦ 

90 

94 

10.2 

102 

113 


* If the observers’ interpolated value is used (see Table 35, note) this becomes 3 098 


(Cont’d from p 84) 

In the reduction of his observations on the pressures developed by the 
explosion of mixtures of Hs and air, D M Newitt used for water-vapor 
the equation of state (4) proposed by A. Wohl,*®®* in which v* is the 
specific volume (v/m). 


P = RT/{v* -h) - a/Tv*{y* - b) -F cfT-v*^ (4) 

He gives reasons for believing that 6 varies with the temperature. Using 
two different methods of estimation, he obtained the following two sets of 
values: 


T 

273 

2500 

2700 

2900 

3100 

•K 

10>& 

160 

69.5 

68.8 

68.1 

67.4 

liten/g-nole-HiO 

10>b 

160 

59.7 

58.0 

56.0 

54.3 

liters/g-m61e>HiO 


All sets of observations of the density and of the specific heat of water- 
vapor indicate that something of the nature of an association sets in as the 
condition of saturation is approached (see p 54). 



IS VAPOR: THERMAL ENERGY 


91 


Table 38. — Defect of Pressure (kg*/an®) of Dilated Water-vapor: 

Isometrics 

Derived from the data in Table 36 (Nieuwenburg and Blumcndal). 

p = /><( 1 — 8) , where />< = 4 70647'w/t' kg*/*^**'®> of m/v = kg/cm*, 
of 4 7064T = 1 (cm''/g)-(kg*/cni*), 47064r fcmYg) (kgVcni®) =4.555r 
cm®-atm/g, T = 273 1 + t Hence, these values of 8 are strictly compa- 
rable with those of Table 37 


Unit of v/m = v* — \ cmVflr, of 4 7064T = l(cmV») (kg*Am*) , 6 is dtmeniionless T€rap = f ®C 


vfm s 

* A 1f\A.AT 

10 

9 

8 

7 6 

Afm,* 4. IN 

5 S 

5 

4 5 

350 

2932 5 

492 








360 

29796 

4 58 

453 







370 

3026 6 

4 32 

4 26 

419 

413 

404 




380 

3073 7 

412 

411 

4 05 

3 97 

3 87 

382 

3 72 

3 61 

390 

3120 8 

3 98 

3 95 

390 

3 81 

3 72 

3 66 

3 58 

348 

400 

31678 

382 

3 83 

374 

3 66 

3 58 

3 52 

3 45 

3 36 

410 

3214 9 

3 72 

3 70 

3 67 

3.SS 

3 45 

3 40 

3 33 

3 24 

420 

3262 0 

3 61 

3 59 

3 55 

3 43 

3 31 

328 

3 21 

313 

430 

33091 

3 49 

3 48 

341 

3 31 

3 22 

318 

311 

3 03 

440 

33561 

3 35 

3 35 

329 

319 

310 

306 

302 

294 

450 

3403 2 

3 27 

3 28 

319 

310 

3 01 

296 

291 

285 

460 

3450 2 

316 

316 

307 

2 96 

2 89 

286 

2 81 

276 

470 

34973 

308 

307 

298 

288 

2 82 

2 79 

274 

267 

480 

3544 4 

298 

297 

290 

282 

2 74 

2 70 

266 

260 

v/m = 

4 

3 5 

10 

25 

2 2 

20 

1 8 

1 6 

f 

A 706AT 





+ ]) 




380 

3073 7 

'3 46 

3 28 

3 06 



280 

2 61 

245 

224 

1 91 

390 

3120 8 

3 34 

318 

297 

271 

2 52 

2 37 

215 

1 80 

400 

31678 

3 23 

3 07 

288 

263 

2 45 

228 

2 06 


410 

.3214 9 

313 

2 98 

2 79 

2.55 

2 37 

220 

198 


420 

3262 0 

3 02 

2 89 

2 71 

2 48 

2 29 

212 

190 


430 

3309 1 

2 93 

2 80 

263 

2 40 

221 

2 05 



440 

33561 

2 85 

2 72 

255 

2 32 

214 

198 



450 

3403 2 

2 76 

264 

248 

225 

207 




460 

3450 2 

268 

2 56 

240 

218 

199 




470 

34973 

260 

2 50 

233 

212 





480 

35444 

252 

242 

225 

205 






15 Thermal Energy of Dilated Water-vapor 

In this section are considered the specific heat (c and C), the enthalpy 
or heat content, the entropy increase, the decrease in temperature on adia- 
batic free expansion (Joule-Thomson effect), and certain related quantities, 
all intimately related to the thermal energy. 

Specific Heat of Dilated Water-vapor. 

Data on the specific heat of dilated water-vapor are not entirely con- 
cordant, especially in the region adjacent to the state of saturation. The 
situation is complicated by the existence of several more or less contradic- 
tory steam tables involving extended extrapolation and much choice and 
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Table 39< — Fotmulaa and their Coefficients: Specific Heat, Enthalpy, 
and Entropy of Dilated Water-vapor 
(See also Table 43). 

Two sets of formulas are given. I. Those by which F. G. Keyes, L. B. 
Smith, and H. T. Gerry sum up the results of their program of research 
on the properties of steam ; these supersede all others of the same type that 
they have published from time to tune, and are to be used when the most 
precise values are desired. II Those derived by J. Havlicek and L. Mis- 
kovsl^ from their own observations. The values defined by the two 
sets of formulas s^ee closely, as is shown by the values in Table 40. 

Cp = specific heat at constant pressure, = limit approached by c, 
as p approaches zero, p = pressure, H = enthalpy (heat content), S' = 
entropy. Both H and 5 are measured from saturated water at 0 °C. 


I Keyes, Smith, and Gerry 


Unit of energy = 1 Int 


joule, of mam = 1 g, of /> = 1 ItgVcm*, temp = t‘C Int 
T = 273 16 + « 


Kale, 


1 Limiting value of the specific heat at constant pressure as the pressure 
indefinitely reduced (c,.»o). 

f,.*. = I 47198 + 7 5566(10-*) T + 47 836S/r 


is 


2 Value of c, for pressure p and temperature f c, = f,*i> + A’p + B’f + Cp' 
+ D'p'*, A', B’, C, and D' having the following values 


1 

10‘A’ 

a 

10»B' 

6 

10»C' 

e 

10*0' 

d 

100 

15954 

1 

2921 

2 





120 

1 1093 

1 

1446 

2 

4 596 

5 



140 

7979 

2 

7612 

3 

1492 

5 



160 

5 907 

2 

4221 

3 

5 306 

6 



180 

4483 

2 

2447 

3 

2 035 

6 



200 

3 477 

2 

1474 

3 

8320 

7 



220 

2748 

2 

9183 

4 

3 595 

7 

2 812 

21 

240 

2 208 

2 

5 890 

4 

1628 

7 

1 330 

22 

260 

1801 

2 

3 877 

4 

7683 

8 

7416 

24 

280 

1488 

2 

2611 

4 

3 756 

8 

4 744 

25 

300 

1244 

2 

1794 

4 

1892 

8 

3 431 

26 

320 

1051 

2 

1255 

4 

9 787 

9 

2 765 

27 

340 

8967 

3 

8928 

5 

5175 

9 

2449 

28 

360 

7717 

3 

6444 

5 

2 787 

9 

2 348 

29 

380 

6693 

3 

4713 

5 

1524 

9 

2387 

30 

400 

5 848 

3 

3 489 

5 

8 423 

10 

2485 

31 

420 

5143 

3 

2 612 

5 

4 692 

10 

2415 

32 

440 

4 550 

3 

1974 

S 

2622 

10 

1637 

33 

460 

4049 

3 

1506 

5 

1463 

10 

-1563 

34 

480 

3 622 

3 

1159 

5 

8087 

11 

-1226 

34 

500 

3 255 

3 

8 794 

6 

4.390 

11 

-4900 

35 


3 Value of the enthalpy (II) of dilated water-vapor as measured from saturated 
water at 0 "C ; that is, H is the increase in the “heat content” on changing 1 g of 
saturated water at 0 °C into dilated water-vapor at temperature t and pressure p 


11 = 250236 + 


j Cr^tdT — 

■An u 


(Ap + Bp^ + Cp* + Dp'*) 
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Table 39 — (Continued) 

A, B, C, and D having the following values. 


t 

A 

10*B 

b 

10»C 

C 

10*D 

d 

100 

12 1691 

91692 

1 

26285 

3 



150 

68776 

22182 

1 

18411 

4 



200 

4.4208 

69814 

2 

20664 

5 

42871 

19 

250 

3 0994 

26285 

2 

31568 

6 

21742 

22 

300 

23103 

1.1242 

2 

59107 

7 

2 7131 

25 

350 

1.8009 

5 2816 

3 

12560 

7 

64847 

28 

400 

14519 

26635 

3 

28219 

8 

20549 

30 

450 

12013 

14184 

3 

60829 

9 

-8 7526 

33 

500 

1.0143 

7 8789 

4 

9 6158 

10 

-9.9275 

34 

550 

08705 

45225 

4 

-1 1283 

10 




If unit of ^ = 1 atm, these coefficients must be increased numerically by 
the following amounts. A by 3 323, 3 322, 3.321, and 3.320 per cent, 
B 6.755 per cent, C 14.00 to 13 97 per cent, and D 52 95 per cent; the first 
three values for A refer, respectively, to 100, 1 50, and 200 °C, the fourth 
to all the others ; the first for C refers to 100 °C, the other to all the others. 
All have been derived from the values of the coefficients as published. 


4 Value 5 of the excess of the entropy of expanded water-vapor at temperature / 
and pressure p above that of saturated water at 0 °C is given by the formula 


9 = 68158 + 



JTl irt 


) ^ - 106242 log 


- (Kp + Li^ + Mp' + Np'*) 


K, L, M, and N having the following values • 


t 


k 

lO'i 

/ 

10" w 

m 

10" Al 

fl 

100 

2603 

2 

2 555 

3 

6 730 

6 



200 

7.078 

3 

1364 

4 

4146 

8 

8 944 

22 

300 

2965 

3 

1765 

5 

9790 

10 

4670 

28 

400 

1570 

3 

3 556 

6 

4016 

11 

3018 

33 

500 

9601 

4 

9182 

7 

1.222 

12 

1258 

36 


II J Havlicek and L Miskovsky.’" 

Each formula is given in duplicate, first with the Int steam calorie (=41860 
Int. joules), and secondly with the Int joule as the unit of energy. 


Unit of niasa = 1 g, of f = 1 kgVcm'j temp = I 'C (Int acale) ; T = 273 2 + t 

= 0.4402 + 0 009S{//100) + 0 00072(f/100)* (Int cal ) 

= 1 8427 + 0 03977(f/100) + 0 0030139(»/100)* (Int joule) 


H= 5976 + 


= 2501 6 + 


Cp.^odt — 

Cp.pl> dt — 


{d{p/m + eip/m* + /(f/io")"} 


{dcp/m +e(p/io‘y+f(.p/wy} 


d = 7I6.64(100/r)* + 107 73<100/r)*(3 + 440 /t) - 1.026 
= 2999.86(100/7)* + 4S0.96(100/t)*(3 + 440/t) - 4.29S 


(Int cal ) 


(Int joule) 

(Int cal.) 
(Int joule) 
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Table 39— (Continued) 

e = 2 7981 (10'') (lOO/D * - 0 0726 
= 11 7128(10’) (lOO/r)* - 0.3039 
/ = 3 1242(10“) (100/r)“ - 3 8952(10") (100/7)” 

= 13 0779(10“) (100/7)“ - 16 3053(10”) (100/7)” 
T s 7 - 220 = 53.2 + * 


(Int cal ) 
(Int. joule) 
(Int. cal.) 
(Int j'oule) 


judgment m smoothing and reconciling the various sets of related data, and 
also by the repeated publication, with much emphasis on their supposed 
accuracy, of certain values computed by A. Leduc in 1913, which appear 
without a literature reference under the designation “best” in his contribu- 
tion to the Intcniatiotial Critical Tables These values of Leduc’s assume 
that the general equation of state set up by him for normal gases is appli- 
cable to water-vapor, and that the values he used for certain auxiliary data 
for water-vapor are correct. It may without difficulty be shown that his 
equation does not satisfactorily represent the best experimental values for 
water-vapor, and that the auxiliary \alues he used do not accord with the 
best data now available. Therefore, whatever his computed data for the 
specific heat of water-vapor may have been worth in 1913, they can scarcely 
be accepted now The more important steam tables will be found listed in 
Table 259, but little use is made of them in this section 

Data for the specific heat at high tcinjieratures have cither been com- 
puted from basic constants and spectroscopic data, or based upon the specific 
heat at constant volume, as inferred fiom the pressures generated when 
suitable mixtures of gases are exploded in a closed vessel, and upon the 
value of fp — c„ = T{8v/ST)p{Sp/ST)„ as computed from an assumed 
equation of state Until recently they have been quite uncertain The 
interpretation of the spectroscopic data has not been entirely clear In 
the explosion experiments the temperature is never uniform throughout the 
volume, the heat losses are difficult to determine, as are the effect of radia- 
tion and Its absorption, and especially the dissociation , moreover there is 
not equilibrium between the molecules and the temperature of their imme- 
diate surroundings 


In addition to the papers listed elsewhere in this section the following should 
be examined by those especially interested in this subject 

(1) Determinations by the explosion method 

*■ Bjerrum, N, Z Blektroch . 17, 731-735 

6^1-668 (1914), (Jallma, V, Ann d R Scnola d'lng 
(I ttdov^, 4 , 77-87 (1928) . Dawd, W T , and I-eah, A S , Phil Mag (7), 18, 307-321 (1934) , 
Uww, I , and von Elbe, G y Chrm'I Pkyi , 2, 659-664, 890 (L) (1934). 3, 63-71 (1935) . ] Am 
Cfcjm Sm, 57, 612-614 (1935), Phit Mag (7), 20, 44-65 (1935), SeWdt, F A F, Forsch 
Cebiete Ingenieurw , 8, 91-99 (1937) 


"•Leduc, A, Int Cnt Tables, 5, 82 (1929) 

“‘Bon^ffer, K F, and Reichardt, H. Z physik Ckem (A). 139, 75-97 (1928), Juati, E, 
^1143-mi (1932)"““™' (1931), Gordon, A R , and Barnes, C. J Phys’l ckem , 

I G, BuK Soe. Chim France (4}, 37, 657-679 (1925); HeCrea W H Proc Cam- 

bridge PM. Sac. 23, 942-950 (1927); BonhoiffCT. iL F., and Kettfcrdt, H?/or. ’ 
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Table 40. — Values of Cp.*.o and Its Integrals: Dilated Water-vapor. 

By definition, c, ♦ o is the limit approached by the specific heat at con- 
stant pressure as the pressure is reduced. 

I. The following values have been computed by means of the formulas 
given in Table 39, and are designated as • I = Keyes, Smith, and Gerry’s 
formula = 1 47198 -I- 7 5566(l(H)r -t- 47 8365/7, T = 273 16 + t. 
II = Havlicek and Miskovsky's = 18427 + 0 03977(t/l(X)) + 
0.0030139(#/1(X))*, T = 273.2 + t. 




Unit of » 1 Int 

loule/g ‘C 

Temp =t‘C 

(Int Bcnle) 


Form-b 

I 

II 

1 

IT 

.1 

c . -dt ■ V 

1 

r 

11 

'(. ^ 

t 

r 

1 

1 


X 

j. ' 

0 

1 85352 

18427 

0 

0 

0 

0 

50 

1 86421 

18634 

92904 

9264 

0312300 

031136 

100 

188216 

18855 

186 537 

186 36 

0 581600 

0 58093 

150 

1 90479 

19092 

281 195 

281 21 

0 819589 

0 81943 

200 

1 93063 

19343 

377068 

377 29 

I 033684 

1 0.3400 

250 

1 95875 

19610 

474294 

474 68 

1 228970 

123000 

500 

198855 

19892 

572970 

573 42 

1 409065 

140983 

350 

2 01964 

2 0189 

673 169 

673 61 

1 576637 

1 57740 

400 

205172 

20501 

774948 

775 32 

1 733709 

1 73438 

450 

2 08459 

20828 

878352 

878 64 

1 881851 

1 88240 

500 

211810 

21170 

983416 

983 62 

2022305 

202275 

550 

2.15212 

21526 

1090168 

1090 35 

2156070 

2 15650 


II Adapted from tables by E Justi and H Luder^®® ; conversion to 
joules and to grams was made by the compiler. 


Unit of mass and of energy arc indicated 

rr ^ f t g-molc— s g 

\ cal joule joule 

1 cal “ 4 186 joules Temp » t ®C 

,, gmolc > g 

cal joule Joule 

a 

t 

t 

* |»->0 


' 

A, ) 


20 

798 

33 41 

1855 




100 

810 

.33.90 

1882 

2 53 

10 59 

0 588 

200 

832 

34 78 

1930 

448 

18 75 

1041 

300 

8 56 

35 83 

1 989 

6 08 

25 45 

141i 

400 

8 84 

3701 

2054 

748 

31 31 

1738 

500 

912 

38 18 

2120 

868 

36 33 

2017 

600 

941 

39 39 

2186 

981 

4106 

2279 

700 

9 72 

40 69 

2259 

10 85 

45 42 

2 521 

800 

10 02 

41 94 

2328 

1182 

49 48 

2746 

1000 

10 58 

44 28 

2458 

13 58 

56 84 

3155 

1200 

1108 

46 38 

2574 

IS 14 

63 38 

3 518 

1400 

11 52 

48 22 

2678 

16 58 

69 40 

3 852 

1600 

1188 

49 72 

2761 

17 90 

74 93 

4159 

1800 

1219 

5103 

2832 

19 13 

80 08 

4 445 

2000 

1245 

5212 

2894 

2028 

84 89 

4 712 

2500 

1295 

54 21 

3009 

22 80 

9544 

5 298 

3000 

1323 

55 38 

3074 

2498 

104 57 

5804 


***Jutti, E, and Luder, H, Fortch. Gebieti Ingenieurw., 6, 209-216 (1935) Superaedine 
Justi, E., Jdm, 5, 130-137 (1934). 
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(2) ComfutatioH from fundamental conetants and speetroseopie data" 

F., uid Tuiti, B.. lyiu. Abh. d. Phyt. Ttch. Rtidu., M, 171-174 (1930-31) - X. Uetm. 
11, 191-194 (1930); Hamen, H, Parttk. Gtbitte Ingtmtnrw, 1, 319-326 (1931); Zeiw, H., 
X BUiineh. 39, 7S8-773, 893-909 (1933). Tnnta, M, and Ader, H^.X. PbyM, 89, 12-14 (1934); 
I^u, ^,and voo Elbt G, /. ClumVPkyt.. 3, 63-71 (1935); J. Am. Oim. See., 37, 612-614 
0933): Wflaon, E. B,Jt. J. Chem‘l Phye^ 4, 326-328 (1936); Kasid, L. S., Clum. See., 18, 
277-313 (1936), Murphy, d M., /. Chem-f Aye.. S. 637-641 (19i7). 

f3) Reviews, summaries, etc." 

Callendar. H. L., PM. Trmu. fA).ta, 383-399 (1913), World Power, 1, 274-280, 323-328 
(1924); 3, 302-312 (1925); Fiieher, V. 'i. Itelm Pbyetb.S, 17^1, 39-44, 83-M (i924); Jaiyna. W., 
Tdem, 6, 261-262 (1925), X Phyeib.Sr, 341-344 (1929) T Plank, i teehn. Pkysii, 5, 397-404 
(1924): Saundera, S. W., J PhyPt Chom , 28, 1151-1166 (1924) ; Davia, H N , anJ Keenan, J. U , 
Proe. World Bug Cong. (Tokyo), 4, 239-264 (1931). 

(4) Steam tables, see Section 90. 


Table 41. — Specific Heat of Dilated Water-vapor at Constant 
Pressure: Preferred Values 

Various other sets of values will be found in Tables 42 and 43. 

The following values are those given by Keyes, Smith, and Gerry 
and computed by means of the formula Cp = Cp-ao + A'p + B'p^ - 1 - Op* + 
D'p^‘ in which Cp.^o and the several coefficients take the values given in 
Tables 39 and 40, respectively ; values for other values of t and P may be 
similarly computed. 

Unit of era. 1 Int joule/B» 0 23907 ealu/8, of 1 kg*/cm'. Temp •■(’C. 


I-* 

p 

340 

360 

380 

400 

420 

440 

460 

120 

' 5.708 

4.479 

3.836 

3.427 

3152 

2.960 

2.822 ' 

140 

8.948 

5.624 

4.501 

3.877 

3.474 

3.200 

3.007 

160 


7.791 

5.420 

4.441 

3.862 

3.481 

3 218 

180 



6.864 

5.168 

4 332 

3 810 

3.459 

200 




6.164 

4.905 

4195 

3.735 

With the preceding values Keyes, Smith, 

and Gerry compare those 


published by W. Koch,®®* finding the following differences A = Koch — 
KSG, unit of A = 1 Int. joule/g. 


i-* 

P 

340 

360 

380 

400 

lOOOA— 

420 

440 

460 

120 

-J-80 

- 13 

- 23 

+ 5 

-1-37 

+ 62 

+ 78 

140 

•f 21 

■f34 

-52 

-43 

- 5 

+ 31 

+ 56 

160 


- 2 

-34 

-68 

- 41 

+ 1 

+ 38 

180 



-46 

-58 

-59 

- 22 

+ 19 

200 




-37 

-47 

- 27 

+ 6 


Table 42. — Specific Heat of Dilated Water-vapor at Constant 
Pressure: Various Sets of Values 
(See also Tables 41, 43, and 55) 

Preferred values are given in Table 41 ; those here given indicate values 
in use in 1932. They serve to show how the values run, and are useful in 
making rough approximations ; many of them differ by several units in the 
Mcond decimal place from the preferred values defined by the formula used 
in Table 41 (see bottom of that table). 
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Table 42 — (ConHnued) 

1 joule/g = 0.9997 Int joule/g = 0 2390 calu/g = 18.015 joule/g-mole = 4 305 
caW?*niole. 1 kg/cm* = 0 96784 atm = 0.98066 bar. 

Unit oi P = l kg*/cm’, of P. = 1 atm, of P» = 1 bar = 10“ dynes/cm*, of c, =* 1 
joule/g* *C, of C, = 1 cal/g-mole**C Temp. = t *C. 


I O Knoblauch and A. Winkhaus*" 


p 

p. 

p» 

t 

0.5 

0.4839 

0 4903 

80.9 

1.0 

0.9678 

0.9807 

99.1 

2.0 

1 9357 

1 9613 
119.6 

6.0 
5.807 
5 884 
1581 

10 

9.678 

9.807 

179.1 







Ks/t 

2 000 

2.038* 

2.097* 

2.323 

2.565 

110 

1.971 

2 021 




120 

1963 

2.009 




140 

1.950 

1.988 

2.055 



160 

1.946 

1.971 

2.026 

2.310 


180 

1.946 

1.971 

2 005 

2.222 


200 

1.954 

1.971 

1 996 

2.151 

2 381 

220 

1.958 

1 971 

1 996 

2.105 

2 260 

240 

1.967 

1975 

1.996 

2 072 

2.185 

260 

1.975 

1.980 

1 996 

2.059 

2 143 

280 

1.984 

1.988 

2.005 

2.055 

2 122 

300 

1 992 

2 000 

2 013 

2.055 

2.109 

320 

2.000 

2 009 

2 021 

2.059 

2.105 

340 

2.013 

2.017 

2 030 

2.063 

2.105 

360 

2.026 

2.030 

2 038 

2.072 

2.109 

380 

2 034 

2 038 

2 051 

2080 

2.118 

P 

12 

14 

16 

18 

20 

P. 

11614 

13 550 

15 485 

17.421 

19.357 

Pa 

11 768 

13 729 

15.691 

17.652 

19 613 

(..t 

1 

187 1 

194 2 

200 5 

206 2 

211.4 

Ut 

2.687* 

2 808 

2.925* 

3.051 

3.180* 

200 

2 528 

2 712 




220 

2.360 

2 482 

2 620 

2.'’87 

2.984 

240 

2 264 

2 348 

2 440 

2.544 

2.678 

260 

2 201 

2 260 

2 331 

2 402 

2.490 

280 

2.164 

2 214 

2 264 

2 318 

2.377 

300 

2 147 

2.184 

2 226 

2 268 

2.310 

320 

2.138 

2 168 

2.201 

2.235 

2.268 

340 

2.134 

2.159 

2.184 

2.214 

2.239 

360 

2.130 

2.151 

2.176 

2.197 

2.222 

380 

2 134 

2.151 

2.168 

2.189 

2 210 

II 0 

Knoblauch and W 

Koch*“ 




P 

19.9 

29.9 

40.1 


602 

P. 

19.260 

28.938 

38.810 

58.264 

Pa 

19 515 

29 322 

39.325 

59.036 


t Cf 

1 eo 

I 


1 e. 


332 9 2.277 

241 6 3.353 

252.8 

3.881 

280.3 4.625 


334 8 2.260 

246 6 3.219 

257.3 

3.805 

283 8 4.353 


“Koch, W, Forseh Gebiete Ingenteurw , 3, 1-10 (1932). 

*** Knoblauch, O, and Winkhaua, A, Mitt Forseh Gob, Inff . 195, 1-20 (1917) 2? Ver dents 
Itig, 59, 376-379, 400-405 (1915). 

Knoblauch, O., and Koch, W., Z. Ver Dent Ing., 72, 1733-1739 (1928) ->3ffra Eng, 51, 
147-150 (1929). 
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Table 43 — (Continued) 



19 9 


29.9 

40.1 

S02 


Hr 

1 


^9 

i 

tp t 

tp 


335 9 2.244 

259.3 

2.968 

263.8 

3.495 287.5 

4.161 



283.8 

2.671 

274.0 

3.261 301.1 

3 679 



320.1 

2.449 

288 5 

2.989 324.6 

3.156 



353 9 

2.378 

322 7 

2.650 334 6 

3 051 



358 4 

2.382 

371 2 

2.491 368 0 

2.742 



386.3 

2.315 

403.7 

2.411 369.2 

2.683 



433 9 

2.327 

436.5 

2.390 429.0 

2.532 



437 0 

2 340 

436 8 

2.390 437.7 

2.537 



493 2 

2 344 

494 0 

2.382 


p 

80.0 



100.2 

120.1 

p. 

77 427 



96.978 

116 238 

p* 

78.453 



98.263 

117.778 


f CP 



I 

CP 


Cp 


297.6 5 672 


314.9 

6 392 

329.6 

8 234 


300.5 5 303 


317 9 

6 388 

328 6 

7 828 


309 7 4 701 


318 0 

5 952 

335.4 

6 488 


326 2 3 881 


324 5 

5 668 

342 2 

5 706 


341.5 3.466 


335 0 

4 722 

345 1 

5.542 


375.0 3 018 


352.5 

3 951 

352 7 

5 023 


377 5 3 030 


3761 

3 428 

365.9 

4.295 


421 0 2 733 


411 9 

3 030 

389 0 

3.608 


423 7 2 750 


4101 

3 064 

427 6 

3 no 

III. w 

Koch“ 







p 

120 


130 


140 

150 

160 

p. 

116.14 


125.82 

135 50 

145 18 

154,85 

p» 

117.68 


127.49 

137 29 

147.10 

156,91 

f..x 

323 11 


329 25 

335 04 

340 51 

345.71 

1 
















<..« 

8.625 


9 743 

11 020 

12 502 

14 307 

340 

5 791 


7 009 

8.973 



360 

4 468 


4 987 

5 661 

6.553 

7.792 

380 

3 814 


4 103 

4 451 

4 874 

5.389 

400 

3 433 


3 622 

3.835 

4 086 

4 375 

420 

3 190 


3 324 

3.471 

3 638 

3 823 

440 

3.023 


3 124 

3.232 

3 354 

3 484 

460 

2 902 


2 981 

3.065 

3.157 

3.257 

P 

170 



180 

190 

200 

P. 

164 53 



174 21 

183 89 

193 57 

P» 

166 71 



176 52 

186 33 

196 13 

(ut 

f 

350 66 



355 38 

359.88 

364 18 


16.560 



19.428 


23 121 

27.885 

360 

9 730 



13.511 


22 828 


380 

6 025 



6 821 


7.863 

9 383 

400 

4 714 



5 112 


5.577 

6 130 

420 

4 036 



4 275 


4 551 

4.861 

440 

3 630 



3 789 


3.969 

4.170 

460 

3.362 



3.479 


3.605 

3 743 


*"Tniutz, Mp and Steyer, H , Forsch Cebicie Ingenteurw , 2* 45-52 (1931). 

•"Jakob, M, Z. Ver Deuts Ing , 56, 1980-1988 (1912) 

••KnoUauch, O., and Mollier, H , Mut ForscH C«fr. Itig , 108 and 109, 79-106 (1911) -»Z Ver 
Dmts Ing, 5S, 665-673 (1911) 
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Table 42 — (Conhnued) 
IV. M. Trautz and H Steyer 


p 

p. 

Pi 

1 

150 

145.176 

147.100 

200 

193 568 
196.133 

250 

241 960 
245.166 

300 

290 352 

294 200 

350 

8.79 




400 

4.18 

7 32 

9.67 

14.35 

450 

3.10 

4.14 

4 39 

5.19 

500 

2.51 

3 35 

4 18 

4 98 


V. From compilation by A Lcduc based on observations by M Jakob ”* and by 
O Knoblauch and H Mollier 


P 

P. 

Pi 

1 

1.033 

1 

1013 

2 066 

2 

2 026 

4 133 

4 

4 053 

6 199 

6 

6.080 

10 333 

10 

10.132 

14 465 

14 

14 186 

20.665 
20 ' 
20.265 

100 

2 017 







120 

1.996 

2.093 






140 

1 984 

2 046 






160 

1.975 

2 021 

2.155 

2 356 




180 

1 971 

2 005 

2 101 

2 226 

2 645 



200 

1 971 

1 996 

2 067 

2 151 

2 381 

2 808 


250 

1 980 

1 996 

2 034 

2 072 

2 155 

2 264 

1 '2.461 

300 

1 996 

2 009 

2 034 

2 059 

2 109 

2 159 

2.247 

350 

2 021 

2 025 

2 051 

2 067 

2 109 

2 147 

2 214 

400 

2 051 

2 059 

2 076 

2 093 

2 122 

2.155 

2 205 

450 

2 084 

2 093 

2 113 

2.118 

2 139 

2 164 

2 201 

500 

2 122 

2 126 

2.134 

2 143 

2 159 

2.176 

2 201 

550 

2.156 

2 159 

2 164 

2.168 

2 180 

2 189 

2 210 


VI Derived from c,, as inferred from the pressures developed when confined mix- 
tures of Hs and Oi are exploded, by means of an assumed equation of state Cp — c, 
= T(,Sv/iT)p^{Sp/tT), Pressure = 1 atm 


Ref »-♦ 

t , 

ICT 

HH 

E 

Hcf »-► 

t 

ICT 

HH 

— Cm 

E 

100 

2 040 


1 966 

1000 

2 297 

2 335 

2 462 

200 

2 010 

1.946 

1.996 

1200 

2.485 

2 544 

2 636 

300 

2.004 


2 032 

1400 

2 708 

2.796 

2 837 

400 

2 010 

1980 

2 074 

1600 

2 977 


3 0o7 

500 

2 030 


2.122 

1800 

3.289 


3 320 

600 

2 062 

2 055 

2.178 

2000 

3 470 


3.601 

700 

2 103 


2 238 

2200 

3 586 


3.902 

800 

2 158 

2 172 

2.305 

2300 

3 614 


4.064 

900 

2 221 


2.382 





VII Computed by Gordon and Barnes'"” from basic 

constants, 

Steinwehr’s equa- 

tion of state,™ 

^ and spectroscopic data Pressure = 1 atm 




T 

t 

Cp 

^9 

T 

i 

Cp 

Cp 

400 

126.9 

8 26 

1.920 

900 

626.9 

9.46 

2 199 

500 

226 9 

8 45 

1.964 

1000 

726.9 

9.74 

2.264 

600 

326.9 

8 68 

2 017 

1100 

826.9 

10.02 

2.329 

700 

426.9 

8.93 

2.076 

1200 

926.9 

10.29 

2.392 

800 

526.9 

9.19 

2.136 





S» Gordon, A 

R , and 

Barnes, 

C , J PhyPl Chem 

, 36, 1143-1151 (1932). 



•ii Stemw^r, 

H V., Z. 

Physik, 

3, 446-476 (1920) 
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Table 42 — (ConHnued) 

VIII. A. Leduc.”* Computed by Itiin from certain other data for water-vapor, 
assuming the validity of the general elation of state set up by him as applicable to 
all normal gases. In his compilation,” these values are callra the "^t," and are 
given without citation They have b^n republished” It will be noticed that they 
disagree with the experimental values in magnitude and in that the latter pass 
through a minimum as the temperature is decreased, the pressure remaining constant ; 
whereas Line’s computed values continually decrease ‘ 


100 120 


140 

150 


160 

1 1.81i 1.83i 

2 1.87i 

3 

4 

Put i.81i 1.87i 


1.87, 

1.91, 

1.95. 

1.97, 

1 93 
1.95. 

2.02. 


2.00. 

2.02, 

2.07. 

* For the limiting value of Cp at tut, the following values by M 
the compilation by A Leduc.” 

Jakob” 

' are given 

P 1 2 4 

8 

12 

16 

20 

kg*/cm“ 

991 119.6 142.9 

169.6 

187.1 

200.5 

211.4 

"C 

c, 2.01, 2,08. 2.23, 

* References . 

E = E D Eastman.” 

2.51, 

2.81, 

3.13, 

3.49. 

joule/g-*C 


HH = L. Holborn and F. Hetmmg 

ICT = adapted from the compilation by A. Leduc,” apparently derived directly 
from Table C (p. 20S) of Partington and Shilling’s “The Speafic Heat 
of Gases” (London, 1924). There, two sets of values are pven. In 
each of them the same value of c> is used, but in one set e, — c» is said 
to have been derived from Berthelot’s equation of state; and in the 
other, from Callendar’s. The former is the smaller by 5.8, 16, 05, and 
0 05 per cent at 100*, 200', 300*, and 400 °C, respectively. The average 
of the two sets is given in ICT, but here those ascribed to Callendar’s 
equation are used The value of c, is derived from c, and Cr — c» 

* Leduc **' maintains that this experimentally observed minimum arises from experi- 
mental errors, and that his computed values are to be preferred But it can be shown 
that the subsidiary data employed by him were not sufficiently accurate, that the test 
he employed to demonstrate the applicability of his equation of state to water-vapor 
was not sufficient, and that that equation does not satisfactorily represent the specific 
volume of water-vapor Whatever may have been the worth of these computed values 
in 1913, one is scarcely justified in regarding them more highly than the correspond- 
ing experimental data available today. Additional information regarding his equation 
and his method of computation may be found in the Compfes Rendus,’" 


Table 43. — Specific Heats of Water-vapor at 1 atm : 
Comparison of Interpolation Formulas 

(See also Table 39) 

Callendar’s formula is c, = 1.997* -f 38.49(373.1/r)»®'»P,tm/T joules/ 
g-°C ; KSG’s is that given in Table 39 ; the others are of the form c = A + 
B{t/100) H- C(f/lCX))® -i- f?(//100)®, the coefficients having the values 

■“Leduc, A., Atm. dt chtm, et phyt (t), 28, $77-613 (1913). 

■“Leduc, A., Jtmr. dt Phyt. (6). 2, 24-30 (1921). 

“■Eutman, E. D„ U. S. Burton of Umtt Toth Paptr 44S, (1929). 
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Table 43 — (Contmued) 

given at the heads of the several columns. Eastman’s formula (E) is not 
supposed to give the details of the actual variations, but merely values that 
are always near the true value. Each tabulated value of the specific heat 


has been 

Ref 

A 

B 

C 

D 

t 

computed by means of the indicated formula. 

Temp - 1 °C, unit of 1 )oule/g‘*C 

KS(J Ca R HSH Sh 

1.96. 1 894. 2 229. 

-0.015. -f- 00386. -0.214t 

•f 00051. 0 +0.0343. 

0 0 - 0.00118. 

E 

1.94, 

+ 0.0205 
+ 0.00311 
0 

F 

2 311 
- 0 745 
+ 0 46, 

0 

(e.)ui^ 








100 

2.078 

2.10. 

1.95, 

1 933, 

2.047, 

1.96, 

2.02, 

120 


2 08, 

1.95, 

1941, 

2 018. 

1.97, 

2.07, 

140 


2.06. 

1.95, 

1 949, 

1 992. 

197, 

2.16, 

l(i0 


2.05. 

1.95, 

1 956, 

1 968, 

1 98. 

2 29, 

180 


2 04« 

1.95, 

1964, 

1 946, 

1.98. 

2.46, 

200 

1.968 

2.03. 

1.95, 

1972, 

1 927, 

1.99, 

2.66, 

250 


2.02. 

1.95, 

1.991, 

1 888. 

2.01, 

3.32, 

300 

2 002 

2.01« 

1.96, 

2.010, 

1 862. 

2 03, 

4.21, 

350 


2.00, 

1.97, 

2 030, 

1.847, 

2 51, 

5.45," 

400 

2.058 

2 00. 

1.98, 

2 049, 

1 844, 

2 07, 


450 


2 00. 

1.99, 

2 068, 

1 850, 

2 09, 


500 

2.122 

2.00. 

2 01, 

2 088, 

1.866, 

2 12, 


550 


2 .OO 1 

2 03, 

2.107, 

1.891, 

2.14, 


600 


2.00, 

2 O'), 

2 126, 

1 922, 

2.17, 


700 


1.99, 

2 10. 

2 165, 

2 004, 

2.23, 


800 


1 99, 

2 16. 

2.204, 

2 106, 

2.30, 


900 


1.99, 

2.23, 

2.242, 

2 219, 

2.38, 


1000 


1 99, 

2 32, 

2 281. 

2.338, 

2.46 


1200 


1.99. 

2 51, 

2 359, 

2 562, 

2 64 


1400 


1 99. 

2.75, 

2.436, 

2 721, 

2 84 


1600 


1.99, 

3 03, 

2 513, 

2 759, 

3.07 


1800 


1.99, 

3 34, 

2 591, 

2.618, 

3 32 


2000 


1.99, 

3 70, 

2 668, 

2 243, 

3.60 


2200 


1.99, 

4 11, 

2 745, 

1 576, 

3.90 


2300 


1 99, 

4 32, 

2.784, 

1 116, 

4 06 


Ref 

KSO 

Ca 

R 

HSH 

S), 

E 

Sh 

A 



1 95, 

1914 

2.132, 

1 95, 

1.687, 

B 



- 0 00623 

+ 0 0193, 

- 0 0962, 

+ 0.0112, 

- 0.177, 

C 



+ 0 0017, 

0 

+ 0.0111. 

+ 0.00103, + 0 0292, 

D 



0 

0 

-000029, 

0 

- 0.00093, 

t 




VidfLMM inn anal ( Op. 



100 

2 078 

2 lOi 

1.95, 

1 93, 

2 04, 

1 96, 

1.539 

120 


2.09, 

1.95, 

1.93, 

2 03, 

1.96, 

1.516 

140 


2 08, 

1 95, 

1.94, 

2 01. 

1.97, 

1.495 


™HoIboni, L, and Henning, F, Ann i Phynk (4), 23, 809-845 (1907) 

"Lednc, A, Chem Rev. t, 1-16 (1929). 

"Ledne, A., Compt. rend, 1S2, 1752-1756 (1911); 153, 51-54 (1911); 154, 812-815 (1912). 
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Table 43 — (Continued) 


Re(»-» 

( 

KSG 

Ca 

R HSH Sh 

Mmam atidf 1 

B 

Sh 

Cm 

160 


2 07, 

1.95, 

1.94, 

2 00, 

1.97, 

1.476 

180 


2 O 67 

195, 

194, 

1 99, 

1 97, 

1458 

200 

1 994 

2.06, 

1.95, 

1.95, 

1 98, 

1 98. 

1.443 

250 

1 987 

2 05a 

1.95, 

1 96, 

1 95, 

1.98, 

1.414 

300 

1.988 

2.04i 

1.95, 

197, 

1 93, 

1.99, 

1.395 

350 

1.993 

2.03. 

1.95, 

198, 

1 92, 

2 00, 

1.387 

400 

2 002 

2 03i 

1.95, 

1.99, 

1 90, 

2 01, 

1 388 

450 

2 012 

2.02, 

1.96, 

2 00, 

1 89, 

2 02, 

1.399 

500 

2 023 

2.02, 

1 96. 

2 01, 

1 89, 

2 03, 

1418 

550 

2 036 

2.02, 

1 97, 

2.02, 

1 89, 

2 04, 

1 444 

600 


2 02. 

1 98, 

2 03, 

1 89, 

2.05, 

1.478 

700 


2 01< 

1 99, 

2 04, 

1 90, 

2 08, 

1.563 

800 


2 01, 

2 01, 

2 06, 

1.92, 

2 11, 

1.668 

900 


2 01, 

2 04, 

2 08, 

1.95, 

2.13, 

1.787 

1000 


2 01, 

2 06, 

2 10, 

1.99, 

2.17 

1.914 

1200 


2 00. 

2.13, 

2 14. 

2 07, 

2 24 

2.170 

1400 


2 00, 

2 20, 

2 18, 

2 16, 

2.31 

2.393 

1600 


2 00. 

2 29, 

2 22, 

2 24, 

2 40 

2.538 

1800 


2.00, 

2 40, 

2 26, 

2 29, 

2 49 

2 559 

2000 


2 00, 

2 52, 

2 30, 

2 31, 

2 59 

2.412 

2200 


2.00, 

2.65, 

2 33, 

2 27, 

2 70 

2 053 

2300 


2.00, 

2 72, 

2 35, 

2 23, 

2 76 

1 779 


* References : 

Ca = H L Callendar “ 

E =E D Eastman"* 

F =V Fischer"" 

HSH = L Holborn, K Scheel, and F. Hennmg”" 

R =M Randall*” 

Sh =W G Shilling*” 

* At the pressure of the saturated vapor, i e , the value that would be found at that 
pressure by extrapolating the curve defined by observations taken at slightly lower 
pressures and at the temperature indicated 

•At critical temperature (374 "C) the equation gives (r]>)iat = S95g joules/g °C 


Table 44. — Mean Internal Specific Heat of Dilated Water-vapor 
at Constant Pressure ^ 

By definition c<p = Cp — p^v/M, where Cp is the mean specific heat at 
constant pressure over the range t to (f + A/), Av is the accompanying 
increase in the specific volume, and p is the pressure expressed m appro- 
priate units Were the vapor ideal, ?ip would be Cp, the specific heat at 
constant volume, and would be independent of p, 

■■■ CsIIendar, H L , "Properties of Steam,” pp. 98, 60, 61. 15 (1920) 

«“ Fischer, V . Z Pkynk, «, 131-151 (1927). 

■** Holborn, L., Scheel, K, and Henning, F, "Warmetabdlen” (1919). 
n Randall, M , ItU Crtt. TMn, 7, 231 (1930). 

ShiiliSg, W. G . PM. Mat (1). 3, 273-301 (1927) 

Derived from ciallendar, H. L., Pror. Imt. Meek, Eng, 1939, 507-537 (1929). 
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Table 44 — (Continued) 


Unit of p 

= l(lb»/m*)L*. of 

= 1 atm 

1 0132S 

bars, of iip 

= 1 joule/g "C Temp 

- rc 


/-» 


/aat 

250 

300 

350 

400 

450 

A 

p. 




_ 4 enn 



V 


^aa t / 







400 

27.232 

228.8 

1 819 

1 787 

1 782 

1 695 

1.669 

1644 

450 

30 636 

235 2 

1 847 

1 821 

1 753 

1.711 

1 677 

1 652 

500 

34.040 

241 2 

1 880 

1 864 

1 781 

1 733 

1 697 

1 674 

600 

40 848 

251 9 

1 941 

1 952 

1 840 

1.772 

1.730 

1 694 

700 

47 656 

261.2 

2 000 


1 901 

1 819 

1 766 

1 724 

800 

54 464 

269 7 

2 064 


1 967 

1 863 

1 797 

1.650 

900 

61 272 

277 4 

2 137 


2 044 

1 914 

1 834 

1 780 

1000 

68 080 

284 5 

2 200 


2 132 

1 967 

1 877 

1 816 

1200 

81 696 

297 2 

2 347 


2 346 

2 087 

1 958 

1 880 

1400 

95 312 

308 4 

2 511 



2 231 

2 051 

1 941 

1600 

108 928 

318 4 

2 691 



2 405 

2 158 

2 030 

1800 

122 544 

327 5 

2 889 



2 622 

2 278 

2 306 

2000 

136 160 

335 8 

3 114 



2 899 

2417 

2.204 

2400 

163.392 

350 6 

3 665 




2 776 

2 424 

2800 

190.624 

361.3 

4 394 




3.273 

2 706 

3200 

217 856 

373 6 

5 476 




4 055 

3 084 

3600 

245 088 






5 334 

3 584 

4000 

272 320 







4.314 


■For £ b981 16 cm/sec^. value at London 


Table 45. — Specific Heat of Dilated Water-vapor at Constant Volume 

I Derived from data m Table 47 where remarks and references arc given PreS' 
sure IS very low 

Unit of Cv ~ 1 loule/g ®C, of P ~ 1 'kg*/cm^, of J*a = 1 atm, of Pb ^ 1 bar 
Temp r*K 


Source®-* 

/ T 

PS 

ChK 

KJ 

M 

J 

Misc 

Ta 

Tb 

0 

273 1 


1 391 







12 3 

285 4 







1 368 

1 394 

100 0 

373 1 

1.530 

1 419 

1 410 

1 421 

1 415 

Br“ 



104 56 

377 66 






1 570 



107 5 

380 6 







1 403 

1 433 

140 0 

413 1 



1412 






1600 

433 1 



1 417 






180 0 

453 1 



1 422 






190 0 

463 1 



1 426 






200 0 

473 1 

1 532 

1 473 

1 426 

1 471 

1.452 




202 6 

475 7 







1.442 

1 475 

210 0 

483 1 



1431 






220 0 

493 1 



1 438 






230 0 

503 1 



1 442 






240 0 

513 1 



1 452 






250 0 

523 1 



1 456 






260 0 

533 1 



1 463 






270 0 

543 1 



1 473 






280 0 

553.1 



1 480 






290 0 

563 1 



1 517 






297.8 

570 9 







1.484 

1 528 

300.0 

573 1 

1.536 

1.533 

1 505 


1 514 




310 0 

583.1 



1 494 






320.0 

593 1 



1.531 






330.0 

603.1 



1 542 






340 0 

613.1 



1.561 






350.0 

623.1 



1.575 
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Table 45 — (Contimied) 


Souree*-* 

* T* 

PS ChK KI 

M 

J 

Misc 

Ta 

Ta 


t 

r 






360.0 

633.1 

1.594 






370.0 

643.1 

1.610 






380.0 

653.1 

1.626 






390.0 

663.1 

1.647 






392.9 

666.0 





1.528 

1.594 

4000 

673.1 

1.545 1 668 

1.591 

1 606 

K* 



410 0 

683.1 




1.621 



488.1 

761.2 





1.577 

1.645 

500.0 

773.1 

1567 



1.656 



526.9 

800.0 

1.680 






550.0 

823.1 




1.689 



583.2 

856.3 




H* 

1.624 

1.710 

600.0 

873.1 

1.599 

1.721 


1.668 



650.0 

923.1 




1.686 



678.4 

951.5 





1.659 

1.777 

700.0 

973.1 

1.640 



1 705 



750.0 

1023.1 




1.726 



773.9 

1047.0 




W 

1.684 

1.842 

800.0 

1073.1 

1.696 

1.853 


2.030 



850.0 

1123.1 




2 716 



868.9 

1142 





1.749 

1.905 

900.0 

1173.1 

1 759 






926.9 

1200 

1.944 






963.9 

1237 





1.824 

1.963 

1000.0 

1273.1 

1.836 

1.978 





1058.9 

1332 





1.902 

2.014 

1153.9 

1427 





1.977 

2.065 

1200.0 

1473.1 

2.023 

2.090 





1248.9 

1522 




P* 

2.046 

2.128 

1250.0 

1523.1 




2.416 



1326.9 

1600 

2.163 



B“ 



1340.0 

1613.1 




2.335 



1343.9 

1617 





2.132 

2.193 

1400.0 

1673.1 

2.247 

2 185 





1439.9 

1713 





2.230 

2.267 

1534.9 

1808 





2.337 

2.353 

1540.0 

1813.1 




2 530 



1600.0 

1873.1 

2.516 






1629.9 

1903 





2 432 

2 432 

1726.9 

2000 

2.323 






1800.0 

2073.1 

2 809 






1819.9 

2093 





2.644 


2000.0 

2273.1 

3 008 






2200.0 

2473.1 

3.127 






2300 0 

2573.1 

3 152 






Limit 





2.769 


II. Computed from the c« of Section I of Table 42 and the 

value of f. — Cm 

= TX 

(fiv/ST), 

{tp/»T), 

as given by Linde's equation of state (Section 14, 

eq 1) 


P-> 

05 

1 2 4 

P-* 

05 

1 

2 

4 


0.484 

0.968 1.936 3.871 

P.-^ 

0.484 

0.968 

1936 

3.871 


0 490 

0 981 1.961 3.923 


0.490 

0.981 

1.961 

3.923 

1 



1 


- — , 











no 

1.487 

1 513 

160 

1.470 

1.481 

1.506 

1.571 

120 

1.481 

I 506 

170 

1.472 

1.484 

1.499 

1.557 

130 

1.477 

1 497 1 532 

180 

1473 

1 486 

1.495 

1.542 

140 

1.471 

1 492 1.523 

190 

1.477 

1488 

1.494 

1.530 

150 

1469 

1.487 1.512 1.588 

200 

1.482 

1.490 

1.494 

1.520 


•For rofcrcBce we Table 47. 
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Table 46. — Mean Specific Heat of Dilated Water-vapor 
at Constant Volume 

(See also Table 51) 

Derived from columns SS and M of Table 48, which see. The fourth 
digit of c* is uncertain by several units 


Unit of * = 1 joule/g "C = 

0 2390 cstXitJz Temp 

il 

« 

Ji 

T "K , range 0 to 

t”C 


Ref"-* 

SS 

M 

Ref «-♦ 

SS 

M 

t 

T 



t 

T 



0 

273 1 

' 1 434 

1 470 

1600 

1873 

1.790 

1.775 

too 

373 

1 452 

1 480 

1700 

1973 

1.826 

1.814 

200 

473 

1.471 

1 486 

1800 

2073 

1 865 

1.856 

300 

573 

1 492 

1496 

1900 

2173 

1.907 

1 905 

400 

673 

1 510 

1 504 

2000 

2273 

1 951 

1.956 

500 

773 

1 529 

1 516 

2100 

2373 

1 998 

2.008 

600 

873 

1.547 

1.529 

2200 

2473 

2 044 

2.060 

700 

973 

1 565 

1.543 

2300 

2573 

2 092 

2.113 

800 

1073 

1 586 

1 564 

2400 

2673 

2.141 

2.170 

900 

1173 

1.605 

1 589 

2500 

2773 

2 192 

2 222 

1000 

1273 

1 624 

1 608 

2600 

2873 

2 246 

2.277 

1100 

1373 

1 645 

1631 

2700 

2973 

2 301 

2.338 

1200 

1473 

1 670 

1 656 

2800 

3073 


2 396 

1300 

1573 

1 698 

1 686 

2900 

3173 


2.457 

1400 

1673 

1 726 

1 715 

3000 

3273 


2.520 

1500 

1773 

1 759 

1 742 






«Por references see Table 48 


Table 47. — Molecular Specific Heat of Dilated Water-vapor 
at Constant Volume 

(See also Table 45) 

The several values are said to have been derived from the indicated 
sources. Those from PS are the same as those given as “best” by 
A Leduc*®® and are defined by the formulas Cp = 6750 — 0.001 19i -H 
2 34(t/1000)2 if 100 °C < t < 1700 °C, and C* = - 12 652 + 0.02214r - 
4.67(#/1000)* if 1700 °C < i < 2300 °C. Trautz gives two .sets of 
smoothed values T^, based on all the observations , Tb, based on only those 
from spectroscopic data He thinks the B values are to be preferred to 
about 1200 °C. He states that the observed values have as far as possible 
been reduced to infinite volume. 


Umtof C,”l cal/gfw-H'O “C — OOSSSl e«l/g 'C — O 2323joule/g 'C Temp — /“C— T'K Pressure very low 


Source"-* PS ChK KJ M J Misc Ta Tb 

I T , C, 


0 

273 1 

599 





12 3 

285 4 




5 89 

6.00 

100.0 

373 1 6 58. 

6 11 

6 07 6.11. 6 09 

Br« 



104 56 

377 66 



6 76 



107.5 

380.6 




6.04 

6.17 

140 0 

411.1 


6 08 




1600 

433 1 


6 10 




180.0 

453.1 


6 12 





» Trautz, M , Ann. d. Pkynk (5). 9, 46S-48S (1931) 
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TaUe 47. — (ContitMed) 


Sourced 

4 T 

PS 

ChK 

KJ 

M 

Cii 

J 

Mik 

Ta 

Tb 

190.0 

463.1 



614 






2000 

473.1 

6.59, 

6.34 

6.14 

6.33 1 

6 25 




202 6 

475 7 







6.21 

6.35 

210 0 

483 1 



616 






220.0 

493.1 



619 






230.0 

503.1 



6 21 






240.0 

513 1 



6.25 






250.0 

523.1 



6.27 






260 0 

533 1 



630 






270.0 

543 1 



6 34 






280.0 

553.1 



6.37 






2900 

563.1 



6 53 






297 8 

570 9 







6 39 

6 58 

3000 

573.1 

6 61, 

6.60 

6.48 


6.52 




310.0 

583.1 



643 






320.0 

593.1 



6.59 






330.0 

603.1 



6.64 






340.0 

613.1 



6 72 






350.0 

623.1 



6 78 






360.0 

633.1 



6.86 






370.0 

643.1 



6.93 






380 0 

653.1 



7.00 






390.0 

663.1 



7.09 






392.9 

666.0 







6.58 

6.86 

400.0 

673.1 

6.65, 


7.18 

6.84, 

6.91, 

K« 



4100 

683 1 






6.98 



488.1 

7612 







6 79 

7.08 

500.0 

773 1 

6.74, 





7.13 



526.9 

800 0 


7.23 







550.0 

823.1 






7.27 



583 2 

856 3 






H« 

6.99 

7.36 

600 0 

873 1 

6.88, 



7.40, 


7.18 



650 0 

923.1 






7.26 



678.4 

951.5 







7 14 

7.65 

700.0 

973.1 

7.06, 





7.34 



750.0 

1023.1 






7.43 



773 9 

1047 






W» 

7 25 

7.93 

8000 

1073 1 

7.30 



7 97, 


8.74 



850 0 

11231 






11.69 



868.9 

1142 







7.53 

8.20 

900.0 

1173 1 

7 57, 








926.9 

1200 


8.37 







963.9 

1237 







7.85 

8.45 

1000 0 

1273 1 

7.90, 



8.51, 





1058.9 

1332 







8.19 

8.67 

1153 9 

1427 







8.51 

8.89 

1200 0 

1473.1 

8 70, 



8.99, 





1248 9 

1522 






P* 

8.81 

9.16 

1250.0 

1523.1 






10.4 



1326 9 

1600 


9.31 




B« 



1340 0 

1613.1 






10.05 



1343.9 

1617 







9.18 

9.44 

1400.0 

1673.1 

9 67, 



9.40, 





1439.9 

1713 







9.60 

9.76 

1534.9 

1808 







10.06 

10.13 

1540 0 

1813.1 






10.89 
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Source*-* 
t T 


Table 47. — (Cotihwted) 

PS ChK KJ M J Mise T* 
C* ■ - ' ■' 


1600.0 

187.3 1 

10 83 


1629 9 

1903 


10 47 

1726 9 

2000 

10 0 

1800 0 

2073.1 

12 09‘ 


1819 9 

2093 


11 38 

2000.0 

2273.1 

12 95 


2200 0 

2473.1 

13 46 


2300 0 

2573 1 

13 57 



Limit 11 92 


T» 


10.47 


• Sources 

B - Bjerrum, N , Z fhriit Chrm , 7», SlVSie (1912) 

Br =Brinkworth, J H, Phil Tratu (A). 215, 383-438 (1915) 

ChK ~Chcmikerkalendcr. 1931, derived from spectroscopic dati 

H =HoIbonij^L, and Henning, F, Ann d Physik (4), 18, 739-756 (1905), 23, 809-845 


J 

K 


KJ 

M 


=■ Jakob, Max, private communication to Traut? 

= Knoblauch and associates Knoblauch, O, and Jakob, M, K Boyer (M&nch ) 

Akad Wiss (Matk^hyi ), 35, 441-446 (1905), Mi« Fors.h deb Ing , 35, 
36, 109-152 (1906)-* 2 Vet. Dents Ing 51, 81, 88, 124-131 (1907), Knoblauch, O, 
and Molher, H, Mitt l orsek Geh Ing. 106, 109, 79-106 (1911) -*2 Ver Dents 
Ing. 55, 665-673 (1911), Knoblauch, (> , and Raisch, E, Idem. 66, 418-423 (1922), 
Knoblauch, O, and Winkhaus, A, Mitt porsch Ceb Ing, 195, 1-20 (1917) -sZ Ver 
Dents Ing, », 376-379, 400-405 (1915) 

= Knoblauch, O, and Jakoli, M, Mitt Fornh Geb Ing. 35, 36, 109-152 (1906) -* Z Ver 
Dents Ing. 51, 81-88, 124-131 (1907) 

= Mecke, R, unpublished communication to Trautz, from b.ind spectrum 


Misc =Several sources B, Br, H, K, P, and W 


P “Pier, M,Z Etektroeh, 15, 536-540 (1909), 16, 897-903 (1910) 

'PS =ParUngton, J R , and ShillinK, W G , "The Specific Heat of Gases," London, Benn, 
1924 


T “Trautz, M., Ann d Physik (4). 9, 465-485 (1931), sec head of table for significance 
of A and B 

W “Womersley, W D, Prac Roy Sae (London) (A). 100, 483-498 (1921); 103, 183-184 
(1923) Criticism by R T Glazebrook, Idem, 101, 112-114 (1922) 

‘The published value (1184) seems to have been computed by means of the for- 
mula valid below 1700 'C This and several other values belonging in the PS col- 
umn were assigned by Trautz to ChK 


Table 48. — Mean Molecular Specific Heat of Dilated 
Water-vapor at Constant Volume 

The mean molecular specific heat at constant volume over the indicated 
range m temperature is (7,. The values at high temperatures have been 
inferred from the pressures develojTed on exploding mixtures of and O 2 , 
initial pressure being 1 atm , those at lower temperatures, from Cp and an 
assumed equation of state Comments on the several series will be found 
with the appropriate references. 


Unit of • = 1 cal/gfw-HtO “C 

= 0 05551 cal/g 

•c » 0 2323 joulc/g ‘C 

n i 

Temp 

« t ‘C = T "J 

100 to 1 

Ref*-* 

1 T 

CG 

NW 

SS 

M 

w 

PS 

0 273 1 

100 373 1 

600 

6 05 

5.99 

6 05 

617 

6 25 

6 33 

6 37 

6 59 

6 65 

200 473 1 


614 

6.33 

6.40 

6.61 

6.63 

300 573.1 


6 24 

642 

6.44 

6.65 

6.61 

400 673.1 



6.50 

6.47 

6.70 

6.62 
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Table 48 . — (Conttwued) 


Range-» 

Ref •-» 

* 7* 

CG 

NW 

0 

to**C — 
SS 

M 

w ' 

lOOtof ' 
PS 

500 

773 1 

6.32 



6.58 

6.53 

6.76 

6.63 

527 

8001 


6.53 





6.64 

600 

873 1 




6.66 

6.58 

6.85 

6.67 

700 

973.1 




6 74 

664 

6.92 

6.72 

800 

1073.1 




6.83 

6.73 

7.02 

6.78 

900 

1173.1 




6 91 

6 84 

7.14 

6 86 

927 

1200 1 


7.09 





6 89 

1000 

1273 1 

6 82 



6 99 

6.92 

7.29 

6.96 

tlOO 

1373 1 




7 08 

7 02 

7.50 

7.07 

1200 

1473 1 




7 19 

7.13 

7.75 

7.20 

1300 

1573.1 




7 31 

7.26 

8 03 

7 34 

1327 

1600 1 


7 61 





7.40 

1400 

1673.1 




7.43 

7 38 

8 35 

7.50 

1500 

1773.1 

7.50 



7 57 

7.50 

8.74 

7 68 

1600 

1873.1 




7.71 

7.64 

9 23 

7.87 

1700 

1973 1 




7.86 

7.81 

9 82 

8 07 

1727 

20001 


810 





8.13 

1800 

2073 1 




8 03 

7 99 

10 46 

8.29 

1900 

2173 1 




8.21 

8.20 

11 07 

8.51 

2000 

2273 1 

8.36 



8 40 

8 42 

11.69 

8 74 

2100 

2373.1 

8.55 



860 

8 64 


8.96 

2127 

2400 1 


8 50 





8.98 

2200 

2473 1 

8 75 



8 80 

8.87 


9.17 

2300 

2573 1 

8.96 



9.01 

9 10 


9 36 

2400 

2673 1 

9.17 



9.22 

9.34 



2500 

2773 1 

9.39 



9.44 

9.57 



2527 

2800 1 


8.8 






2600 

2873 1 

9 62 



9 67 

9.80 



2700 

2973 1 

9 85 



9 91 

10 06 



2800 

3073 1 

10 09 




10 31 



2900 

3173 1 

10 34 




10 58 



3000 

3273 1 

10 60 




10 85 



3100 

3373 1 

10 86 







3200 

.3473 1 

11 13 







3300 

3573 1 

11 41 







3400 

3673.1 

11 70 







3500 

3773 1 

11 99 







3600 

3873 1 

12 29 







3700 

3973 1 

12 59 







3800 

4073 1 

12 91 







3900 

41731 

13 23 







4000 

4273 1 

13.56 







R mee-* 

18to/"C 


R'lfigc-* 

tS to / “C . 

16to/‘ 

Ref "-b 

WM 



Ref •-> 

B 

MW 

N 

( 

T 

C. 


1 

r . 

£■, 


1758 

2031 

8.26 


1400 

1673 

10 7 


1770 

2043 

8 20 


1750 

2023 

10 6 


1781 

2054 

8 07* 


1811 

2084 1.92i 


1882 

2155 

8 32 


1950 

2223 

10 8 


1973 

2246 

8.38* 


2110 

2383 8 54<t 


2035 

2.308 

8 54* 


2120 

2393 

10 6 


2060 

2333 

8 54* 


2377 

2650 9 37<' 


2092 

2365 

8.70 


2663 

2936 10 0 
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Table 48 — (Continued) 


Range-* 

18 to 1 °C 

Rangt-^ 

, IS to / "C , 

16 to ( °C 

Ref*-* 


WM 

Ref*-* 


B MW 

N 

/ 

T 

Cv 

t 

T 

. C, 


2104 

2377 

8.72 

2908 

3181 

10 5 


2148 

2421 

8.65 

3060 

3333 

109 


2182 

2455 

8.58' 

2327 

2600 


10 25 

2311 

2584 

8 78 

2427 

2700 


10.32 

2318 

2591 

8 73 

2S27 

2800 


1040 

2330 

2603 

8.76 

2627 

2900 


1044 

2404 

2677 

8 66' 

2727 

3000 


10.50 


i 

T 

c. 

i 

T 

Cv 

- 273 1 

0 

5.96 

1327 

1600 

7.11 

- 173 

100 

5 96 

1427 

1700 

7.23 

- 73 

200 

5 98 

1527 

1800 

7.35 

+ 27 

300 

6.03 

1627 

1900 

7 49 

127 

400 

6.09 

1727 

2000 

764 

227 

500 

6 16 

1827 

2100 

7 80 

327 

600 

6 23 

1927 

2200 

7 98 

427 

700 

6.31 

2027 

2300 

8 16 

527 

800 

6 39 

2127 

2400 

8 35 

627 

900 

6 47 

2227 

2500 

8 55 

727 

1000 

6 56 

2327 

2600 

8 75 

827 

1100 

664 

2427 

2700 

8 96 

927 

1200 

6 73 

2527 

2800 

9 17 

1027 

1300 

6 82 

2627 

2900 

9 40 

1127 

1400 

6 92 

2727 

3000 

9.61 

1227 

1500 

7.01 





" References and notes 

li - N Bjerrum Those marked * are from obserrations by I’ler These values are quoted 
by B Neumann ^ and from him by CG 

CCi = A D Crow and W E Grini^haw,®^ valuer are defined by the formula * 6 
4- (7/15) (#/1000) + (16/45) (f/l000)». between 0 '»C and t 
M = Muraour,*® values «ire derived from the observations by 'Pier and Bjerrum The values 
of mean Ci Riven m a conipilatinn by A Leduc ^ were taken fiom this list 
MW ""Cl B Maxwell and R V Wliccler 

N =D M NewUt He stated tbit there were no experimental values for the region 
between 1600 *K and 2000 *K 
NW =W Nernst and K Wuhl •«»' 

PS —Computed by the compder from the formulas for Cv given by Partington and Shilling, 
See TssWe 47 

SS =F Schmidt md 11 .Schncll 

W *W D Womcrsley Values for f < 1000 were derived from earlier data obtained by 

others 

WM «K Wohl and M Msig.it «« 

" "See®*' 

■■ See * B 


“■Bjerrum, N, Z EUklroch . 18, 101-104 (1912) 

Neumann, B . Z angew Chem , 32, 141-146 (1919) 

*®T Crow, A. D, and Grinubaw, W E, Pht! Trans (A), 230, 39-73 (1931) 

Muraour, Chim et indtts , lOp 23-29 (1923) 

"■Maxwell, G B, and Wheeler, R V, / Chem Soe , 1978, 15-21 (1928) 

"■Newitt, D, M, Proc Roy Soc (London) (A), 125, 119-134 (1929) 

"^Nernst, W, and Wohl, K, Z techn Phys , 10, 608-614 (1929) 

"■Schmidt, F, and Schncll, H, Z techn Phys, 9, 81-92 (1928), computed from available data 
“Womerdey, W p, Proc Roy Soc (London) (A), 100, 483-498 (1921); 103, 183-184 (1923); 
see eriticinn by Glazrbrook, R. T., Idtm, 101, 112-114 (1922). 
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Table 49. — ^Ratio of the Principal Specific Heats of Dilated Water-^apor 

t^Crlc, 

Umt o£ P— 1 lcB*/om>; of 1 atm, of P*— 1 bar Temp —t “C- T'K 

L From PS of Table 45 and ICT of Section VI of Table 42 Pres- 
sure = 1 atm. Except for the change noted in Table 47, note b, these are 
the ones contained in the table of “best” values for the molecular specific 
heat in A. Leduc's compilation and derived from Partington and Shill- 
ing, “The Specific Heat of Gases ” 


1 

1 

< 

1 

t 

t 

100 

1.334 

700 

1.283 

1600 

1 183 

200 

1.311 

800 

1.272 

1800 

1 171 

300 

1305 

900 

1 263 

2000 

1 154 

400 

1 301 

1000 

1.251 

2200 

1 147 

500 

1 295 

1200 

1.228 

2300 

1 146 

600 

1290 

1400 

1 205 




II. From the velocity of sound W. G. Shilling Equation of state 
used was either Callendar’s (Cal) or Berthelot’s (Ber). 


Ej -* 

Cal 

Ber 


i ~ " \ 

100 

1 332 

1 317 

200 

1 334 

1332 

300 

1337 

1 337 

400 

1 335 

1 336 

500 

1 329 

1330 

III From Section II of Table 

P 


05 

P. 


0 484 

Pi 


0 490 

1 

T 

r' 

no 

383 

1 325 

120 

393 

1 325 

130 

403 

1 325 

140 

413 

1 325 

150 

423 

1 325 

160 

433 

1324 

170 

443 

1 322 

180 

453 

1.321 

190 

463 

1 320 

200 

473 

1 318 


Eq ^ Cal Bar 

/ , y 

600 1 316 1 316 

700 1 295 1 296 

800 1 277 1 277 

900 1 257 1 257 

1000 1 241 1 241 

and section I of Table 42 

1 2 4 

0 968 1 936 3 871 

0 981 1 961 3 923 

T 

1 336 
1 336 

1 333 1 352 

1 332 1 349 

1 331 1 348 1.376 

1 331 1 345 1 372 

1 328 1 343 1 368 

1 326 1 341 1 365 

1 325 1 339 1 362 

1.323 1 336 1 360 


IV. Values computed by A Leduc by his method, employing his 
equation of state for normal gases , and in his compilation marked “best.” 
See remarks in Section VIII of Table 42 


i-* 

120 

130 

140 

150 

160 

1 

1 365 


1 364 

1333 

1.314 

2 


1.37 

1 36 

1 344 

1.326 

3 

4 

P»x 

1 378* 


1 37 

1.380 

1 356 

1 37 

1.34 

1.35 


**W6hIi K, and Magat. M, Z phystk Ckem (B), 117*138 (1932), denved from 3 leta 

(unraartced, K and c) by Wobi, K, and von G» idem, S» 241*271 (1929). 
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Table 49. — (Continued) 

V. Derived by H. G. Muhammad from his determinations of y for 
air saturated with water-vapor at the temperature indicated. Total pressure 
about 745 mm-Hg. 


I 

y 

1 

y 

1 

y 

15 

1.3421 

35 

1 3723 

55 

1.3054 

20 

1 3568 

40 

13671 

60 

1.3015 

25 

1 3672 

45 

1 3406 

65 

1.2993 

30 

1.3736 

50 

1.3199 

70 

1.2976 


•For 100 and Piat he gives y^l 373 


Table 50. — Ratio of the Principal Specific Heats of Air 
Saturated with Water-vapor 


p 

~ total x>reMure, y 

^CpfCi tor the saturated air 

Unit of P — 

1 mm^Hg 

Temp -I'C 

t 

P 

y 

t 

P 

y 

15 

742 1 

1.4009 

45 

745.6 

1.3949 

20 

743 4 

1 4008 

SO 

745.4 

1 3893 

25 

744 3 

1 4007 

55 

745.0 

1 3828 

30 

741 8 

1 4005 

60 

745.0 

1 3765 

35 

743 3 

1 4000 

65 

745.0 

1.3697 

40 

745 1 

1.3989 

70 

745 0 

1.3618 


Table 51. — Enthalpy of Dilated Water-vapor 

Several sets of the better values are compared in Table 52 The enthalpy 
(“heat-content,” “total heat”) of dilated water-vapor as measured from 
saturated water at 0 °C is //, c, = Cp = (Ht — — ti) 

is the mean value of Cp over the indicated range ; P, kg*/cm® is the satura- 
tion pressure at the indicated temperature 

An earlier and more detailed table, in which the unit of pressure is 
1 lb*/in®, has been published by H. L Callendar,*®* and very detailed fables 
and graphs may be found in the numerous steam tables (see Table 259). 

Unit oi Pm = 1 atm, of P = 1 kg*/cm*, of H = 1 Int joule^g °C Temp = t °C (Int scale) 

I. Keyes, Smith, and Gerry 

Based on their formula given in Table 39, computed and published by 
themselves. Very detailed tables on the same basis, but in terms of ®F 
and lb*/in®, have been published by J H. Keenan and F G. Keyes, 
“Thermodynamic Properties of Steam,” 1936 Only the last few digits 
of the value of H for P are given here, the others being the same as for the 
corresponding value of Pa For example, the value of H for P = 25 and 
t = 300 is 3010.53, 

«>L«liic, A, Aim d chtm et pkyt (t). 3B, 577-613 (1913), J dt Phys. (6), 2, 24-30 (1921). 

ise Muhammad. H C. BhU^ Acad Set, (Allahabad), 3, 269-294 (1934). 
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Table 51. — (Contimud) 



100 

ISO 

200 

B 

250 

300 

200 

300 

If 

1 

2675 35 

2776 22 

2874.79 

2973 43 

3072.94 

1.9815 


1 5.80 

6 46 

4.94 

3 54 

3.02 

1.9808 

5 



2854 71 

2959 95 

3063 11 

2 0840 


5 


5 58 

60 50 

3 53 

2 0795 

10 



2826 07 

2941 79 

3050.26 

2.2419 


10 


' 8.06 

4 01 

1 11 

2 2305 

25 




2877 66 

3008 14 



25 



81.51 

10.53 


50 





2921.77 



50 




8 04 


P^i 

P„, 2675.35 

2744.84 

2790.46 

' 2799.00 

2747.05 



<-» 350 

400 

450 

500 

550 

450 

550 




g 




1 

3173 67 

3275 81 

3379 48 

3484 72 

3591 58 

2 1210 


1 3 73 

5 86 

9 52 

4 76 

1 61 


5 

3166 10 

3269 74 

3374.48 

3480 51 

3587 97 

2 1349 ■ 


5 6 40 

70 14 

4 68 

0 68 

8 12 


10 

3156 37 

3262 04 

3368 16 

3475 21 

3583 44 

2 1528 


10 7 00 

2 52 

8 57 

5 55 

3.74 


25 

3125 45 

3238 02 

3348 74 

345905 

3569 70 

2.2096 


25 7.17 

9.34 

9 80 

9 91 

70 43 


50 

3067 51 

3194 99 

3314 84 

3431 26 

3546 30 

2 3146 


SO 71.51 

7 87 

7 08 

3 03 

7.83 


100 

2918 67 

3095 64 

3240.77 

3372 45 

3497.70 

2 5693 


100 30 01 

102 67 

5 80 

6 36 

500.80 


150 

2677 85 

2971 96 

3156 96 

3309 40 

3446 65 

2.8969 


150 710.39 

85 28 

65 64 

15 21 

51 67 


200 


2809 41 

3060 81 

3240 77 

3393 09 

3.3228 


200 

33 55 

74 19 

9 86 

400 11 


250 


2550 33» 

2948.90 

3166 89 

3336.95 

3 8805 


250 

607 05« 

68 32 

79.21 

46.15 



P-. 2562.58 






II. 

Havlicek and Miskovsky. 

(See also Table 52 ) 


Based on their fonnuld 

given in Table 39 Conversion into 

joules was 

made by the compiler. 






«-» 

100 150 

200 

250 

00 

200 







300 

p 






Cp 







1 

2674.0 2775 3 2874 1 

2972 9 

3072 5 

1 984 

25 




2882.5 

3008 5 


50 





2927 3 


<-> 

350 400 

450 

500 

550 

450 







550 

p 






>*« 


• 






1 

3173 4 3275 5 3378.9 

3484.0 

3591.2 

2 123 

25 

3125 3 3237 9 3348.8 

3459.3 

3569 8 

2 210 

50 

3068.8 3195 6 3315.7 

3432 1 

3547 6 

2 319 

100 

2928.1 3099 3 3242.9 

3374 3 

3500 3 

2.574 
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Table 51. — (Continued) 


t-* 

p 

350 

400 

450 

*» 

500 

550 

450 

550 


* 






t# 

150 

2707.5 

2981 7 

3162.1 

3312 4 

3450.9 

3 888 

200 


2828 5 

3070.4 

3245 8 

3398 6 

3 282 

250 


2608.7 

2964 5 

3173 8 

3343.8 

3.793 

300 



2838.1 

3096 8 

3286.8 

4.487 

350 





3013.1 



400 





2922.2 



III. 

W. Koch.*®^ Conversion into joules was made by the compiler. 

t-* 

p 

200 

225 

250 

275 

- n 

300 

325 

200 

300 

1 

2871.6 

2920.6 

2970 4 

3020 6 3070.4 

3121.1 

•■F 

1.988 

5 

2852.8 

2903 8 

2956 2 

3008.9 3060 4 

31114 

2 076 

10 

2826.0 

2882.5 

2938.2 

2993 0 3046.6 

3099.3 

2.206 

25 


2804.6 

2878 3 

2943 6 3004.3 

3063 7 


50 




2836 4 2922.7 

2998 0 


75 





2809.2 

2920.1 


100 






2818 8 


t-» 

p 

350 

375 

400 

425 

g 

450 

475 

500 









1 

3171 7 

3222 8 

3273 9 

3325 8 

3378 1 

3430 4 

3483 6 

5 

3163 8 

3216 1 

3266 8 

3320 3 

3372 7 

3426 6 

3479 4 

10 

3153 3 

3206 9 

3258 8 

3313 2 

3366.8 

3421 2 

3474.8 

25 

3121 9 

3179.7 

3234 5 

3292 7 

3348.8 

3405.3 

3461.0 

50 

3066 2 

3130.3 

31914 

3254 2 

3315 3 

3375.2 

3434 2 

75 

3004 3 

3078.8 

3147.4 

3214 8 

3281 0 

3345 0 

3407.4 

100 

2930 2 

3020.6 

3100 2 

3174 2 

3245 0 

3313 2 

3378 9 

125 

2834 8 

2952 0 

3045.3 

3129.4 

3207 3 

3278.5 

3349.2 

ISO 

2701.2 

2870.3 

2983.8 

3079 6 

3164 2 

3242 5 

3316.6 

175 


2768.6 

2913.4 

3022 7 

31165 

3203 5 

3284.3 

200 


2625 4 

2830 2 

2961 2 

3065 4 

3162.5 

3250.0 

225 


2327.4 

2729.3 

2890.8 

3011 4 

3119.0 

3214.8 

250 


1856.1 

2602 8 

2813 0 

2956 2 

3073.4 

3176.8 

275 


1817.1 

2429.1 

2726.8 

2896.7 

3026.0 

3137.8 

300 


1792 9 

2194 3 

2633 8 

2833 9 

2976.2 

3096.0 


IV. Third International Steam-Table Conference, 1934. For allowed 
tolerances, etc , see Table 260. 


100 

1^3323 

D 

150 

4 8535 

200 

15 857 

250 
40 560 

300 

87.611 

350 
168 63 

400 

450 

500 

550 

1 

2676 

2777 

2875 

2973 

3074 

3174 

3276 

3380 

3485 

3592 

5 



2855 

2959 

3063 

3166 

3269 

3374 

3481 

3588 

10 



2827 

2940 

3048 

3155 

3270 

3369 

3476 

3584 

25 




2880 

3006 

3125 

3238 

3350 

3461 

3570 

50 





2924 

3069 

3195 

3315 

3433 

3548 

75 





2816 

3005 

3149 

3280 

3405 

3525 


•"Koch, W., Z Ver deutt Ing , 78, 1160 (19J4). 
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Table SI. — (ConHnued) 


h* 100 

1.03323 

P 

ISO 

4.8535 

200 

15.857 

250 

40 5d0 

300 350 

87.611 168 63 

£7 

400 

450 

500 

550 

100 

r ' 




2929 

3099 

3243 

3375 

3501 

125 





2834 

3044 

3204 

3346 

3477 

150 





2709 

2982 

3163 

3316 

3452 

200 






2833 

3071 

3249 

3400 

250 






2607 

2962 

3177 

3345 

300 






2196 

2837 

3097 


PpI 

2676 

2746 

2792 

2801 

2747 2562 






•Value! m Section I at 400 for P and are not so good a* the others, density >01 g/cm> 


Table 52 . — Enthalpy of Dilated Water-vapor: Comparison of 
Several Sets of Values 

Adapted from a table published by J. Havhcek and L. Miskovsky 
Not checked by the compiler. 

The values of H (enthalpy, counted from saturated water at 0 ®C) are 
given for set A ; for the other sets only the excess (Ai/) of each value over 
the corresponding one for A is given For example, at P = 1 and f = ISO 
the value of H for A is 663 3 , for P it is 663 3 — 0.2 = 663 1. 

Some of the values here given for the P set differ slightly from the 
corresponding ones in Table 51, which Havlicek and Miskovsky computed 
by means of their equation. 


Unit of kg*/cm^ of H and 1 Int steam cal/g**4 1860 Int jouWg Temp (Int scale) 


f-* 

p 

Ref.* 

150 

200 

250 

300 

350 

ff and dff 

400 

450 

500 

550 

1 

A 

663 3 

686 9 

710 4 

734 2 

758 2 

782 6 

807.3 

832 4 

858 0 


P 

-02 

-03 

- 0 1 

-01 

00 

00 

00 

-01 

-04 


G 


- 09 

-08 

- 0.7 

- 05 

- 05 

-03 

- 0.2 



I 

- 0.1 

- 04 

-03 

- 0.2 

- 02 

-02 

- 0.1 

- 0 1 

-02 

25 

A 



688 4 

719 2 

747.1 

773.8 

800 . 2 ‘ 

826 5 

852.9 


P 



-02 

-09 

-07 

-04 

- 0.2 

-02 

- 0.3 


G 



- 08 

- 1 5 

- 1.3 

- 1 1 

- 0.2 

+ 0.3 



C 



- 1 0 

- IS 

- 1.3 

-06 

-04 

0.0 



I 



- 06 

- 1.2 

- 08 

-05 

- 0.2 

0.0 

- 03 

50 

A 




699.5 

733 8 

763 9 

792.4 

8201 

847 4 


P 




- 05 

- 1.1 

- 08 

- 0.5 

- 03 

- 0.1 


G 




- 13 

- 1.3 

- IS 

- 0.2 

+ 0.3 



C 




- 1.4 

- 1 2 

- 1.0 

- 1.1 

- 04 



I 




- 1.1 

-09 

-08 

- 0.8 

- 02 

- 0.1 

100 

A 





700 0 

741 2 

775.4 

806 5 

836.3 


P 





- 06 

- 1.0 

- 0.9 

- 0.5 

- 0.2 


G 





0.0 

- 06 

- 0.2 

+ 0.7 



C 





- 09 

- 16 

- 1.8 

- 08 



I 





- 05 

- 1.2 

- 0.9 

- 05 

- 0.2 

150 

A 






713.2 

756.2 

792.0 

824.6 


P 






-07 

- 1 0 

- 0.7 

- 0.2 


G 






- 04 

- 0.3 

+ 03 



C 






- 1.5 

- 1.4 

- 02 



I 






- 1.1 

- 0.9 

- 02 

- 0.2 
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Table 52.— (Conltnued) 


p 

150 

Re£« ,, 

200 

250 

300 350 400 

KT >•«#« A O 

450 

500 

550 

200 

A 



076 9 

734 3 

776 3 

812.3 


P 



- 08 

- 08 

- 0.9 

- 03 


G 



- 0.8 

- 2.0 

+ 0.1 



I 



- 04 

-09 

- 03 

- 03 

250 

A 



623 3 

708 7 

759 3 

799.5 


P 



-07 

- 04 

- 1.0 

- 06 


G 



- 1.5 

- 2.5 

- 04 



I 



- 0.8 

- 1.7 

- 0.5 

-06 

300 

A 



525.1 





P 



+ 0.4 





G 



- 0.9 





I 



- 0.6 





• References The authors do not give the references more specifically than here 

A A S M E Davia, Keenan, Keyes, Osborne, Smith (These seem to be the equivalent 
of the values in Section I of Table 51 ) 

C B E M A A Egerton, Callendar 

G Germany Hausen, Henning, Jakob, Koch (This is identical with the set of values 
publish^ by Koch and given m Table 51 ) 

I Third International Steam Tabic Conference, 1934 See Section IV of Table 51 
P MAP Havlicek, Milkovsk^ 

* The value for A at P = 25, f = 450 is printed 802 0, which is evidently too great , 
the corresponding value in Table 51 leads to 8002 


Table 53. — Isopiestic Variation in the Enthalpy of Water Substance 
Through the Critical Temperature 

The following values of J Havlicek and L. Miskovsky have been taken 
from their Table 1 The enthalpy (//) is measured from saturated water 
at 0 °C. 

Since the saturation temperature for P = 200 is 364.1 °C, and for 
P = 225 IS 373 9 °C, and the critical pressure and temperature are 225 5 
kg*/cm^ and 374 11 "C, respectively, it is obvious that all values lying above 
the heavy line refer to the liquid , and all below it, to the vapor. 


Unit of f — 1 kg*/em>. of ff-1 Int steom ca!/g—41860 joule/g Temp -I'C (Int ecale) 


P-* 

200 

225 

250 

275 

300 

350 

400 

1 

20 



B 




24 55 




26 79 


28.92 

100 

103.8 




105 54 


107 22 

200 

205.5 




206.0 


206 9 

300 

318.2 




316.7 


316 2 

350 

392.6 

389 45 

387.8 

385 4 

383 9 

381.45 

379 3 

360 

415.6 

410.0 

4061 

402 9 

400 5 



370 

610.5 

439.5 

428.7 

422 7 

418.4 



375 






421.3 

416.4 

380 

640.4 

596.5 

470.0 

448 0 

440.7 



390 

661 4 

630.2 

585.7 

500 7 

470.3 



400 

646.1 

652.6 

622.6 

581.6 

525.5 

478.5 

463.8 


410 582.2 
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Table S3. — (Conttnued) 


P-* 

200 

225 

250 

275 

300 

350 

400 

450 

733 5 

720 2 

708 3 

693.1 

677,9 

644 5 

607 3 

500 

775 4 

767 5 

758.3 

749,4 

639.8> 

719.6 

698 6 

550 

812.0 

804 3 

798.9 





* So printed ; probably should be 739 8 






Table 54. — Entropy of Dilated Water-vapor 

(See also Table 55) 

The excess of the entropy of the vapor at the indicated temperature and 
pressure above that of saturated water at 0 °C is 5" , is the value of 5" at 
the indicated pressure and tlie corresponding saturation temperature 1,; 

is the change in S when the temperature is changed over the indicated 
range while the pressure remains constant at the indicated value. 

Unit of P “ 1 ItgVcm* * 0 96784 atm, of r« 1 atm, of ^ " 1 (IbVin*)L*, of S, 5’,, and 
Ao ■= 1 Int joule/g *C Temp. = I *C <Int scale) 

I. Preferred values F G Keyes, L R Smith, and H. T. Gerry 
Based on their formulas in Table 39, conversion from calories to joules 
(1 Int. steam calorie = 41860 Int. joules) was made by the compiler. 
Very detailed tables on the same basis but in terms of “F and IbVtn* have 
been published by J. H. Keenan and F G Keyes, “Thermodynamic Prop- 
erties of Steam,” 1936 


t-* 

P 

100 

200 

300 

5 _ 

400 

500 

400 

500 

AS 

1 

7 3686 

7.8425 

8 2221 

8 5482 

8.8375 

0 2893 

10 


6.7022 

7.1313 

7.4699 

7.7663 

0.2964 

50 



6.2216 

6 6570 

6 9831 

0.3261 

100 




6.2283 

6.6093 

0.3810 

200 




5.5820 

6 1630 

0.5810 

250 





5.9889 


11. 

.Adapted from R Mollier 

Not to be 

preferred to 

values in I 

1-* 


/• 200 

300 

400 

500 200 400 


1 

99.1 

7 373 

7.860 

8 241 

8.560 

8.833 

0.382 

0.273 

2 

1196 

7 145 

7.531 

7 918 

8.258 

8.512 

0 386 

0.274 

3 

132 9 

7 012 

7 336 

7 727 

8 049 

8.323 

0 391 

0.275 

4 

142 9 

6.917 

7 195 

7 591 

7.914 

8.190 

0 395 

0.276 

6 

158.1 

6 781 

6 992 

7 397 

7.724 

8.001 

0 405 

0.277 

8 

169.6 

6.684 

6.841 

7.257 

7.587 

7 866 

0 416 

0 279 

10 

179 0 

6.607 

6 719 

7147 

7 481 

7 761 

0.426 

0.280 

20 

211 4 

6 353 


6.790 

7.144 

7 432 


0.288 

30 

232 8 

6.189 


6.562 

6.939 

7.235 


0.296 

40 

249.2 

6 061 


6 382 

6.788 

7 093 


0.305 

50 

262 7 

5.952 


6.222 

6 666 

6.980 


0.314 

100 

309.5 

5 546 



6 232 

6.610 


0 378 

ISO 

340.5 

5.240 



5.882 

6.367 


0.484 

200 

364.2 

4.905 



5.512 

6.168 


0.656 
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Table 54. — (Continued) 


III. Adapted from H. L. Callendar.*®® Not to be preferred to values 
m I. 

<> 300 400 500 400 

500 


t 

400 

Pm 

27.232 

u 

228 8 

6.252 

6 611 

s 

6.986 

7.296 

AS 

0.310 

500 

34 040 

241.2 

6.168 

6 480 

6 870 

7.176 

0.306 

600 

40 848 

2519 

6 096 

6.366 

6.773 

7 085 

0.312 

800 

54 464 

269 7 

5 974 

6.168 

6.614 

6 938 

0.324 

1000 

68 080 

284 5 

5.870 

5.985 

6.482 

6.821 

0.339 

1200 

81 696 

297 2 

5.777 

5.802 

6.368 

6.722 

0.354 

1600 

108 928 

318 4 

5.604 


6.171 

6.560 

0.389 

2000 

136 160 

335 8 

5.437 


5.989 

6.426 

0.437 

2400 

163.392 

350 6 

5.259 


5 806 

6.308 

0 502 

2800 

190 624 

363.1 

5.057 


5.606 

6.200 

0.594 

3200 

217 856 

373.6 

4.789 


5.362 

6.098 

0.736 

3600 

245 088 




5 031 

6.000 

0.969 

4000 

272 320 





5.901 



• Value at London, where g = 981 16 cm/sec*. 


Table 55. — Various Thermal Data for Dilated Water>vapor; 

Computed from Spectroscopic Data 

G = Gibbs function (H — TS), often called the “free energy at constant 
]}ressure,” H = enthalpy or heat content, 5" = entropy, T = absolute tem- 
perature, Ea = internal energy at 0 °K, Cp = specific heat at constant 
pressure G, H, and 5 are measured from 0 “K, t.e , each is the increase 
m the corresponding property when the temperature is increased from 
0 °K to that indicated. 

I. A R Gordon It is assumed that the pressure is so low that the 
vibration of each HjO molecule is essentially uninfluenced by the presence 
of neighboring molecules. Giauque has independently computed 5" for T = 
299.1, 463 1, and 485 0 “K, using thermal data and obtaining values that 
are smaller than Gordon’s by about 0 1 per cent In order that Gordon’s 
value for R shall be the same as that adopted by the International Critical 
Tables and used elsewhere in this compilation it is necessary to use the 
relation 1 cal = 4 1873 joules in converting his values from calories to 
joules 


Temp M 7 t cal /ff'inole » 0 23247 joule /gram 


1 nit“» 

1 cal 

per g-mole deg 

] joule per gram deg 

T 

1 

C-Eo 

T 

5 

C, 

C-Bo 

T 

s 

C, 

298 1 

25.0 

37 179 

45 101 

8000 

8.642 

10.483 

1.859 

300 

26 9 

37 230 

45.151 

8 002 

8 653 

10.494 

1.860 

350 

76.9 

38 452 

46 389 

8.066 

8 937 

10.782 

1.875 


^Mollirr, 1%. **Netie 'talicllen und Diagramme/’ 7th rd , 1927 

» Gordon, A R. / Chem^l Phys , 2, 65-72, 549(L) (1934), superHcdea Idem, 1, 308-312 (1933) 
***Gian<iue, W F., and Stout, J W, /. /4m Chem Soc , 9, 1144-1150 (1936), GiaUfjue, W. F, 
and Archibald, R C , Idem, B, 561-569 (1937) 
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Table S5. — (Continued) 


Unit-* 

1 cal 

C-Eo 

per S'lnole deg 

1 joule per gmin’dcg 

C-Bb 

T 

/ 

r" 

s 

C, 

T ' 

S 

C, 

400 

126.9 

39 513 

47.472 

8155 

9.184 

11034 

1.895 

450 

176.9 

40.452 

48 439 

8.260 

9 402 

11.259 

1.920 

500 

226 9 

41 296 

49.315 

8 379 

9.598 

11.462 

1 948 

550 

276.9 

42 062 

50119 

8 504 

9 776 

11.649 

1 976 

600 

326 9 

42.765 

50 864 

8 635 

9 940 

11 822 

2.007 

650 

376.9 

43 415 

51 561 

8 771 

10 091 

11984 

2 039 

700 

426.9 

44 020 

52 216 

8 910 

10 232 

12 136 

2 071 

750 

476 9 

44 587 

52 836 

9.053 

10 363 

12 281 

2.104 

800 

526 9 

45 121 

53 425 

9 199 

10 487 

12418 

2 138 

850 

576 9 

45 627 

53 987 

9.347 

10 605 

12 548 

2 172 

900 

626 9 

46 106 

54 525 

9 497 

10 716 

12 673 

2 207 

950 

676 9 

46 563 

55 043 

9 648 

10 823 

12 794 

2 242 

1000 

7269 

46.999 

55 542 

9 799 

10 924 

12 910 

2 278 

1050 

776.9 

47.418 

56 023 

9 948 

11.021 

13 021 

2 312 

1100 

826 9 

47.820 

56 489 

10 095 

11 115 

13 130 

2 346 

1150 

876 9 

48 206 

.56 941 

10 240 

11 204 

13 235 

2 380 

1200 

926 9 

48 579 

57 380 

10 382 

11 291 

13 337 

2 413 

1250 

976 9 

48 940 

57 807 

10 522 

1 1 375 

13 436 

2 446 

1300 

1026 9 

49 289 

58 223 

10 656 

11 456 

13 533 

2 477 

1400 

1126 9 

49 956 

59 022 

10 914 

11 611 

13 718 

2 537 

1500 

1226 9 

50 586 

59 783 

11 1.53 

11 758 

13 895 

2 592 

1750 

1476 9 

52 03 

61 54 

11 67 

12 093 

14 304 

2 712 

2000 

1726 9 

53 32 

63 13 

12 09 

12 393 

14 673 

2 810 

2250 

1976 9 

54 49 

64 58 

124 

12 665 

15 010 

2 88 

2500 

2226 9 

55 57 

65 90 

12 7 

12 916 

15 317 

2 95 

2750 

2476 9 

56 56 

67 12 

12 9 

13 146 

15 601 

300 

3000 

2726 9 

57 49 

68 25 

13 1 

13 362 

15 863 

3.04 


II \ R Gordon anil C Barnes The spectroseopic data upon which 
tliese values are based have liecn su|>erseded by those of R. Mecke,®^- 
W. Baumann and R Mecke,-*'' and K b'reudenberg and R Mecke “■*■* 
This fact must lie considered by the user Irrespective of their accuracy, 
they are of interest in showing the distribution of S among the three types 
of motion Subscripts- t = translational, r = rational, v = vibrational 
entropy The value of Si has lieen corrected for the departure of water- 
vajxjr from ideahti, Steinwehr’s equation of state being used 


Unit of 5i, 

Sr, Sw, and 

1 cal g-mole *C — 

0 23243 joule g Temp 

["C-r'K. 

press atm 

1 

r 

5i 

Sr 

s. 

s 

0 2324»^ 

127 

400 

36 025 

13 959 

0 043 

50 03 

11 627 

227 

500 

37 152 

14 626 

0 115 

51.89 

12 061 

327 

600 

38 066 

15 167 

0 222 

53.46 

12 425 

427 

700 

38.835 

15 626 

0 346 

54 81 

12 738 

527 

800 

39 501 

16024 

0.494 

56.02 

13 020 

627 

900 

40.088 

16 375 

0 657 

57.12 

13 277 

727 

1000 

40.611 

16 688 

0 831 

58.13 

13.511 

827 

1100 

41084 

16 972 

1.020 

59.08 

13 731 

927 

1200 

41.516 

17.231 

1.215 

59.96 

13 957 

Saturated Tapor (pren 

-36 739 mm-Hg) 





27 

300 

41.278 

13.104 

0.008 

54.39 

12.642 
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Table SS. — (Conlimed) 

III. M Trautz and H Ader.®^® The following values {C„) for the 
rotational component of the specific heat at constant volume were computed 
from the spectroscopic data of Mecke and Baumann (1933). They con- 
cluded that this component attains its full value at a temperature only 
slightly above 50 °K. As usual, R is the gas constant. 

T 5.0 fi.66 10 0 12.5 20 0 25.0 40 0 S0 0°K 

CJR 0.1061 0.2252 0 4587 0 5998 0.9359 1 0813 1 3600 1 461 

IV E. B. Wilson, Jr has concluded that the distortion caused by 
the rotation of the molecules affects the thermal properties of the vapor as 
indicated by the following formulas, p being a constant characteristic of the 
molecule, and a prime indicating what would be the value of the property 
if the molecule were rigid : G = G' — pRT^, S = S' + 2pRT^, C# = C'„ + 
2pRT^. For water -vapor at very low pressure he gives p = 2 04(10‘®) 

(H M. Randall, D M. Dennison, N Ginsburg, and L. R. Weber®** 
have concluded that no first order computation, such as that of Wilson’s, is 
at all satisfactory when the rotation is so rapid as to cause a displacement 
of the spectral line in excess of about Av — 5 cm'*.) 


Table 56. — ^Joule-Thomson Coefficient for Dilated Water-vapor 

The Joule-Thomson coefficient (p.) is the decrease in temperature per 
unit drop in pressure when the exjjansion is adiabatic It measures the 
internal latent heat of expansion. For the more permanent gases, it has 
been found that the ratio of the decrease in temperature to the associated 
decrease in pressure “is, for small pressures at all events, constant and 
independent of both the fall in pressure and the absolute value of the 
pressure " That is, p is independent of the pressure. This is nearl> . but 
not quite true for water-vapor. For that, the variation of p with the pres- 
sure, temperature being constant, is small, but not linear in the pressure, 
and similarly, when the pressure is constant p is not linear in the temper- 
ature, A Griessmann ®®® erred in concluding that pCp for water-vapor is 
independent of the temperature, the pressure being constant ; the values he 
accepted for Cp are unsatisfactory For a discussion of the experimental 

X* Gordon, A R, and Barnes, C, / Phyi'l Chem, 36, 1143-1151 (1932) 

MS Mecke, R., Z Pkynk. 81, 313-331 (1933) 

MS Baumann, W , and Mecke, R , Idem, 81, 445-464 (1933) 

MS Freudenberg, K, and Mecke, R., Id*m, 81, 465-481 (1933), 

“•mm Steinwehr, H., Z Pkynk, 3, 466-476 (1920). 

MS Trautz, M. and Ader, H., Z Pkynk, 89, 12-14 (1934) 

•" Wilson, E B , Jr , / Chem'l Pkyi , 4, 526-528 (1936) 

MS Kandall, H M , Dennison, D M„ Ginsburg, N , and Weber, L R., Pkyt. Rev. (2), SL 
160-174 (1937) 

SM Buckingham, E., BM. Bvr Std , 3, 237-293(557} (1907). 
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• Table 56 — (Couittmed) 

evidence for the validity of the assumption, often made, that ft obeys the 
law of corresponding states, see II. N. Davis.“‘ 

Unit of P ■* 1 kgVcni* = 0.9678 atm, of ^ 1 "C per (1 kgVcm) Temp = / "C 

I. DK = observations by Davis and Kleinschmidt “ , KSG' = values 
computed by F, G. Keyes, L B Smith, and H T. Gerry , KSG" = later 
values computed by them In each case the computation is based on an 
empirical formula set up by KSG to represent their determinations of the 
specific volume of dilated water-vapor. The two formulas differ: KSG" 
supersedes KSG'. 



DK 

KSG' 

KSG" 


DK 

KSG' 

KSG" 

p 










12S*C 




"260 “(5 


1.125 

4.801 

4 564 

4 908 

1.60 

1 485 

1.553 

1.495 



145 ”C 


3 16 

1 536 

1557 

1 506 

1 405 

3.730 

3 805 

3 928 

10 55 

1 549 

1.564 

1.539 

2 81 

3 998 

3.816 

4 009 

14 77 

1 548 

1 563 

1 548 



166 'C 


15.11 

1 577 

1563 

1 549 

1.60 

2 973 

3 159 

3 180 

20 00 

1 551 

1.558 

1 550 

1.76 

3 092 

3 161 

3 182 

25 30 

1 545 

1.550 

1 543 

2.85 

3 209 

3 167 

3 228 

32 40 

1 533 

1.536 

1 526 

5.62 

3 264 

3 173 

3 270 

39 60 

1 511 

1.518 

1 499 



196 "C 




JOO'C 


1 60 

2 368 

2 472 

2 405 

1 70 

1 163 

1 202 

1 168 

3 52 

2 409 

2 481 

2 451 

3 16 

1 193 

1.204 

1 174 

7.04 

2 557 

2 485 

2 500 

844 

1.192 

1 209 

1.188 

7.04 

2 474 

2 485 


14 00 

1 207 

1 211 

1.199 

760 

2 522 

2.484 

2 505 

1500 

1 197 

1 211 

1.199 

10 55 

2 570 

2 480 

2 500 

20 25 

1 201 

1 210 

1.202 

10 55 

2.490 

2 480 

2 500 

32 70 

1 187 

1 201 

1.199 



325 "C 




347 »C 


1 60 

1.882 

1985 

1 910 

1.60 

0 932 

0.914 

0 905 

3.16 

1 995 

1 990 

1 930 

7 38 

0 929 

0 918 

0 918 

704 

1 978 

1 997 

1 970 

15 00 

0 928 

0 920 

0 922 

10 55 

1.948 

1 995 

1 985 

35.00 

0 919 

0 917 

0.926 

14.77 

1.987 

1990 

1 990 



20 25 

1.953 

1.977 

1 970 





20.25 

2.001 

1.977 

1 970 





II. 

Some of preceding DK observations rearranged 



P-* 

t 

1.60 

3 16 

7 04 toss 

U 77 

15 00 

20 25 

39.60 

166 

2.973 







196 

2 368 


2 516 2 530 




225 

1 882 

1 995 

1.978 1.945 

1 1 987 


1.977 


260 

1 485 

1 536 

1 549 1.548 


1.511 

300 

0.932 

1 193 



1.197 

1.201 

347 




0.928 



■* Crleumaan, A., Z Vtr Jcut Ing , 47, 1852 1857, 1880-1884 (1903) 

‘■'D.vm, B. M, Proc Am Acad Arts Set^ 45, 241-264 (1910) 

■■Key.., F. G, Smith, L. B, and Carry, H. T, idcch Eng , 56, 87-92 (1934). 
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Table 56. — (Continued) 


III. 

Near 

state of saturation. A. 

Gnessiiiann.*®* 

Values of 

fi are 

icertain by 2 

in the first decimal place, 




P-*\ 5 

20 

2S 

30 


«,.,-»110 8 

119 6 

126 8 

132.9 


1 

a 

t n 

t a 

t 

a 

136.6 

45 

134 1 4.4 

136.3 4.2 

138.4 

4.1 

138.0 

44 

135.2 4 4 

137.4 4.2 

139 4 

4.0 

141.9 

4.3 

138.7 4.4 

140 9 4.1 

143 0 

4.1 

145 8 

4.2 

140.2 4.3 

142.3 4.1 

144 3 

4.0 

148 6 

4.0 

1440 43 

146 1 4 2 

148.1 

4.0 

150 3 

4.0 

147 9 4.1 

149 9 3.9 

151.8 

3.8 

152 8 

38 

150.7 3.9 

152.6 3.9 

154.5 

3.7 

153.7 

38 

152.3 3.9 

154.2 3.7 

156.0 

35 



154 7 3 7 

156.5 3.6 

158.3 

3.6 



155.6 3.7 

157.4 3.6 

159.2 

3.5 

5 

40 

4.5 

50 



142 9 

147 2 

151 1 


1 

M 

I K 

< a 

t 

a 

141 5 

3 9 

146 9 3 8 

150 0 3.6 

155 3 

3.1 

145 0 

4 1 

148.2 3 8 

153.6 3.4 

158.7 

3.1 

146.3 

39 

151.9 3 6 

157.1 3.3 



150.1 

37 

155.4 3 4 

159.7 3.3 

P->S5 

153.6 

36 

158 0 3 4 


/>.t 154.7 

156 3 

3.5 

159 4 3.4 


156 8 

3.0 

157.7 

3.4 



1602 

3.0 

160 0 

3.4 





160.9 

3.4 





IV. 

J. R. Roebuck, from H N 

Davis,*®* except 

as noted. 



t 120 150 165 200 250 300 350 400 

^ 5.33 3 63 3 182* 2.20 1.50 1.15 0.90 0.75 

* Apparently no final account of this work has been published, but the DK values 
here given and included in the KSG paper were publish^ by H. N. Davis and J. H. 
Keenan “ They stated (p. 926, see also second paper, p. 2S3) ; “The Harvard data 
have not yet been published, but the definitive experimental results are given in 
Table 14.” Those are the DK values here given Preliminary reports: H. N. Davis,** 
and K V. Kleinschmidt.** In the last it is stated that the final report of the work has 
been presented to the Steam Research Committee, and that "we hm to be able to 
publish It in the near future ” But it had not been published in 1929, and apparently 
It has not yet appeared Although the values include the third place of dedmals, 
duplicates differ by several units (5 to 8) in the second place 

• Determination by H M Trueblood,** P = 386 kg/cm*. 


16 Thermal Conductivity of Dilated Water-vapor 

In 1931, M. Jakob stated that the only data available for the thermal 
conductivity of water-vapor are those given by E. Moser*®* for 46 to 


Roebuck, J. R , Ini Cm Tablu, 5, 146 (1929). 

i°*Oavb, H N, and Keenan, J H, itteh. Eng, 51, 921-931 (1929), Proc. World Eng Ceng 
(Tokyo). 1929, 4, 239-264 (1931) 

■> Davit, B N, Meek. Eng. 46, 85-87, 108 (1924). 

w raeuuchmidt, R. V., Idem, 45, 165-167 (1925): 46, 84-85 (1924), 48, 155-157 (1926). 
»Trud5Iood. H. M., Proe. Am. Actd. Arte ScL. 52, 731-804 (1917). 
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100 ®C. They are limited to low pressures, and are not very exact. Jakob 
quotes them as ^ = 45.8 microcal/cm sec °C at 46 °C and 56 6 at 100 °C, 
which are equivalent to 1.92 and 2.37 kiloerg/cm sec‘°C, respectively. From 
the same source, T. H. Laby and Edith A. Nelson derive the values 
1.80 and 2.17 kiloerg/cm sec °C. The difference seems to arise from the 

Table 57. — Thermal Conductiyity of Dilated Water*Tapor 

S. W. Milverton has reported that his observations between 70 and 
95 ®C, at pressures between 100 mm-Hg and near-saturation, can be 
expressed within 1 /3 per cent by a formula equivalent to the following, the 
unit of p being 1 mm-Hg: 

l(Pk ^ 1.5058 + 0.00908U + 0001266/- - 000001130/>f watt/cm °C 

This formula is not to be assumed valid outside the ranges specified, nor 
for p < 100 mm-Hg, in particular, it leads to a negative temperature coeffi- 
cient when p exceeds about 1 05 atm Values defined by it are given in 
Section I, those lying beyond the limits set by Milverton are enclosed in 
parentheses. 

Unit of mtn-Hg, of kg*/cm*'*'735 6 mm-Hg. of — v»tt/cm ®C Temp»»/®C 

I. Computed by means of Milverton’s formula 


tnt-* 

i 

100 

51.6 

200 

664 


300 

759 

400 

830 

500 

887 

750 

996 


55 

60 

70 

80 

90 

95 

too 

(2 070) 
(2.110) 

2 189 
2.268 
2.348 

2 388 
(2.428) 

2 236 

2 305 

2 373 

2 407 
(2 441) 


2 341 

2 398 
2.426 
(2 455) 

2 423 

2 446 
(2 468) 

2 448 

2 465 
(2 482) 

(2 515) 

II 

Computed by means of the formula k = 1 ZSrjCf (see text) 


«-* 

p ^ 

110 120 

130 

140 

150 

160 170 

180 

190 

200 

1 

2 44 2 50 

2.56 

2.62 

268 

2 74 2 81 

2.88 

2.95 

3 03 

2 


2.66 

2.71 

2.76 

2 82 2.87 

2.93 

3.00 

3.07 

4 




2 96 

3 00 3 05 

309 

3.13 

3.18 


III. D. L Tinirot and N B Varhaftik,®*® and N. B. Varhaftik^®^ 
have reported that k/rjCv = 1 361, as mean value over the range / = 70 to 
250 °C and /- = 5 to 100 mm-Hg ; */Vv = 1 416 at 288 8 ®C, and 1 546 at 
476.7 “C Varhaftik states that the temperature coeffiaent of this ratio 
between 69 and 476 ®C is 3 7 per cent of the value of the ratio at 100 ‘’C. 


fact tliat the values given m the thesis assume for the conductivity of air 
a value higher than tliat (2.23 kiloerg/cm-sec “C) which Laby and Nelson 
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regard as the best available. For very recent determinations below 100 ®C, 
see Table 57. 

Jakob advises that the conductivity at other temperatures and pressures 
be computed by means of the relation k = 1 2SijCr, where ij is the viscosity 
and Cv IS the specific heat at constant volume. He estimates that the values 
so computed are uncertain by 5 per cent. The values in Section II of 
Table 57 have been so computed from the data in Tables 45 and 22. 

The thermal conductivity of a mixture of air and water-vapor is not 
given by the simple additive relation It is greatest for a mixture contain- 
ing about 20 per cent of HjO by volume Gruss and Schmick give 

the following values, ka being the conductivity of dry air, t = 80 °C' 

%H,0 7 2 ISO 17 1 19 7 22 5 25 0 30 6 31 2 44 4 51.9 

1000(;fc-*«)/*. 20 35 37 36 35 37 26 30 - 1 -26 

17 Refractivuy of Dilatf-d Waier-vapor 

The data m this section are restricted to the optical spectnnii , for values 
of the dielectric constant, sec Section 22. 

The determinations of the refractivity of water-vapor by C and M 
Cuthbertson were accepted by J J Fox and F G. H. Tate, and given 
in their compilation®*® , here they will be denoted by the symbol CC Earlier 
determinations by Mascart ®®^ and by Lorenr ®®* are not discordant with 
the Cuthbertson values The only more recent determinations that have 
come to the attention of the compiler are those by J Wust and H. Rein- 
del ®®® and by P Holemann and H Goldschmidt , they will be denoted 
by WR and HG, respectively 

All three (CC, HG, and WR) re<luce<l tbeir observations on the assump- 
tion that r= (« — 1)10® IS directly proportional to the density (d) of the 
gas, n being the index of refraction; and they expressed their results in 
terms of the value that r would have, on that assumption, if the density 
were such that the vapor contained as many formula weights of H 2 O per 
liter as there are of Ho m a liter of H 2 at 0 °C and 760 mm-Hg This 


“Jakob, M. r.ngmeertnii (London), 132, 744-746, 800 804 (IMl) 

“Moser, E, Thesis, Berlin, 1913 

■»Laby, T H, and Nelson, Edith A, Int Crtt Tables, 5, 215 (1929) 

** Grass, H, and Schmick, H, H tss Veroff Siemrns-Kone , 7, 202-224 (1928) 

“Milverton, S W, Froc Roy Soc (London) (A), 150, 287-308 (1935) 

“Timrot, D L, and Varhaftik, N B, Chem Abstr , 31, 6957 (1937)s-J«jl Isvcst Vsesoyng 
Teplotekh. 1935, No 9, 1-12 (1935) 

•"Varhaftik, N B, Idem, 31, 6958 (1937) *-1935, No 12. 20-23 (1915) 

■"Cuthbertson, C and M , PMI Tronr (A), 213, 1-26 (1913) 

“Fox, J J, and Tate. F G H , /n» Cri# Tables, 7, 8. 11 (1910) 

“Mascart, E E N CompI rend, 84 , 321-323 (1878) 

“Lorens, L. ^nn d Phystk (fVted ), 11, 70-103 (1880) 

“Wust, J, and Remdel, H, Z physik. Chem (B), 24, 155-176 (1934) 

“BSlenann, P, and Giddschmidt, H, Idem, 24, 199-209 (1934) 
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value we shall denote by ro. In making the reduction from r to ro, each 
took for the formula weight of H 2 the value Mb = 2016, and the corre- 


Table 58. — Refractivity of Dilated Water-vapor 

In each case the value for A = 5460 7 A was determined absolutely by a 
count of fringes, and the values for other A’s were determined relative to 
that. For A = 5460 7A, the values found were ro = 252 7 =*=0 5 (CC“), 
256.9 =t 1.0 (WR»), and 252 1 =*= 03 (HG»), where ro = 08029r/d in the 
case of CC, and 0^38r/d in the case of the other two (see text). Here 
rf g/1 is the density and r=(« — 1)10®, « being the index of refraction; 
A is the wave-length of the light The Lorentz-Lorenz expression for the 
molecular refraction is = 1000(w® — l)Af/(n® + 2) d, M = molecular 
weight (18016). 

The Cuthbertson disper.sion formula is r# = 29190/(118.86 — A”®), and 
WR’s, after reduction by 1 87 per cent in order to bring their values to the 
basis of the more accurate value of r® obtained by HG for A = 5460 7A, is 
ro = 34168/(138.89 — A‘®), the unit of A in each case being 1 fi The 
computed values here tabulated have been obtained by means of these 
equations. 

Unit of X — 1 A ~ 10-V"l0'»cin, of if"! g/1, of ff - 1 em'/gfw Temp — ( 'C 


Ref-* 

CC 

CC 

WR 

CC-WR CC 





^ lOOA 

tH 

Observe! 

K 

X 

OtM 

Computed 

Comp 

i 

4799 0 

254 95 

2S4 89 

253 94 

95 

317 52 

3 814 

5085 8 

253 80 

253 84 

253 06 

78 

31609 

.3 796 

5209 t 

253 45 

253 44 

252 70 

74 

315 65 

3 791 

5460 7 

252 70 

2.52 71 

252 09 

62 

314 72 

3 780 

5769 5 

251 95 

251 95 

251 44 

51 

31.3 79 

3 769 

5790 5 

251 91 

251 90 

251 40 

50 

313 74 

3 768 

6538 5 

250 69 

250.67 

250 22 

45 

.312 22 

3 750 

6707 8 

2.S0 28 

250 26 

250 00 

26 

311 70 

3 744 


Hulemann and Goldschmidt™. X - 

5460 7 



/ 150 


250 

350 

1 500 



R 3 763 

3.768 

3 761 3 767 

C and M Cuthbertson , 1936 See remarks in text. N. 

e and N, = numbei 

of bands 

observed and calculated, respectisely , direct count for X = 

: 54te2 23 only 


X 

5462 25 4559 54 

4078 97 

4047.68 

5342 42 

5126 56 3022 57 

2968 13 

N, 

776 85 989 8 

1064 7 

1073.8 

1334 5 

1064.6‘ 1503 8 

1.3.36 8 

N. 

776.85 989 6 

1064 8 

1073 8 

1334 2 

1064 0* 1502 7 

1535 9 


• References • 

CC C and M Cuthbertson •* 

WR J. Wust and H Reindel * 

‘Obviously there is some gross error in these Ns for X = 3126 S6A 


spending value for water, Mnjo = 18016 But CC assumed that the 
density of Hg at 0 “C and 760 mm-Hg is 0 089849 g/1, which is equivalent 



18. VAPOR: ABSORPTION OF RADIATION 


125 


to a specific volume of 22.438 1/gfw ; wliereas the otliers assumed the specific 
volume under those conditions to be 22.415 1/gfw. Hence, for the CC val- 
ues ro = 0.8029 r/d, the unit of d being 1 g/1 ; and for the other two, ro = 
0.8038 r/d. None of them report the values of d that were used ; it appears 
that the temperature was seldom much below 140 "C. Little physical sig- 
nificance should be attached to the particular values assigned by them to the 
constants in their interpolation formulas. 

A. Braml^^^^ lias reported that the application of an electric field 
changes the value of n by an amount in excess of that caused by the atten- 
dant change in density arising from electrostriction. 

The general subject of optical dispersion has been reviewed S. A. 
Korff and G. Breit.*” 

Since the foregoing was written, C. and M, Cuthbertson have 
reported two series of new observations. That of 1934 gave for the green 
mercury line ro = 253.1 and that of 1935 gave 252 5 ; the mean of these 
two absolute determinations “is almost exactly” 252 7, the value reported 
in 1913. In reducing their observations they used the same values of the 
molecular weights as before, but for the density of Ho at 0 °C and 1 atm 
they used the value 0.08995 g/1, whereas before they used 0.089849 g/1. 
In their earlier paper they seem to have used wave-lengths in air ; in this, 
wave-lengths tn vacuo. They illustrate the agreement of their recent obser- 
vations with their previously determined dispersion equation by means of 
the values given at the bottom of Table 58, N, being the value defined by 
that equation when N for A = 5462.23A is 776.85. 

P. Holemann has considered the change in the refraction when a 
substance passes from the vapor to the liquid state. 

18. Absorption of Radiation by Water-vapor 

As the spectrum of a gas or vapor consists in large part of numerous 
narrow lines arranged in bands, and as the observed absorption is the 
average absorption over a spectral range that is usually greater than the 
width of a single line and generally great enough to embrace several lines, 
it is obvious that the simple relation I = JoC'*\ applicable when the absorp- 
tion is essentially constant over the spectral range covered by a single 
observation, will not apply in general to the observed absorption by gases 
and vapors. For them, the radiation corresponding to the regions between 
the lines will pass essentially unabsorbed, and in the simplest case the 
relation will be of the form / = o/o + (1 — o)/oF'’'* or *(/© — I)/Io — 
(1 — o)(l — where I is the length along the path of a paralld beam 
of radiation in the medium between the points where the intensities are lo 

‘’^Bramley, A , J. Franklin Inat , 203, 701-711 (1927) 

™ Korff, S A, and Breit, G., Xev Mod. Phyo. 4. 471-503 (1932). 

*■* Cotblwttion, C and M, Proe. Roy Soe. (Loni^) (A), ISSk 213-217 (1936). 
auBSlemann, -P, Z. phynh. Chom. (B). 32, 353-368 (1936). 
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and I, respectively, a is the fraction of the radiation that passes between the 
lines of absorption, and k is the coefficient of absorption corresponding to 
the lines in the region observed, and is assumed to be the same for all those 
lines. If this last assumption is not fulfilled, the expression for the absorp- 
tion will be more complicated. As I increases, the absorption approaches 
(1 — o), not unity, if I exceeds a certain value, the absorption is essen- 
tially independent of /. Furthermore, the apparent coeffiaent of absorp- 
tion k', defined by / = Iqb *'*, decreases as / is increased, unless o = 0 , m 
which case k' = k. The decrease is very slow at first but ultimately k' 
varies as 

Such behavior has been reported. F. Paschen®'’^® observed that the 
absorption in the A. = 4.3 /x band of COa (pressure = 75 cm-Hg, temp = 
17 °C ) IS essentially as great for a path of 7 cm as for one of 33 cm, that 
the absorption in the 2.7 /i band of COa is about 28 per cent for a 7-cm path 
and 43 per cent for a 33-cm path, and that in the water-vapor band near 
27 ft the absorption is about 60 per cent for the 7-cm path and about 
80 per cent for the 33-cm one, the vapor being just under saturation at 
100 “C. Whence one obtains for k' the following values, that for the 
shorter path being given first CO 3 , fe' = 0 045, 0.017 , HaO, k' = 0.13, 
0049 cm'*. In each case, the value for the longer path is markedly less 
than that for the shorter one. 

Even if the absorption varied continuously throughout the spectrum, 
somewhat similar effects are to be expected in regions in which the varia- 
tion with A is great. 

One IS not justified in assuming that the observed absorption by a gas 
or vajior under a specified condition follows the exponential law In gen- 
eral, observations for a single length of jiath do not suffice for the determi- 
nation of the absorption for a path of a different length. 

The variation of the absorption with the temperature and pressure of 
the gas or vapor has been studied by E v. Bahr,**® continuing work began 
by K, Angstrom She found that many gases, including water-vapor, 
behave thus for infrared radiation: ( 1 ) When the density of the gas is 
decreased, and the length of the path is correspondingly increased so that 
the mass of gas traversed per unit cross-section of the path remains 
unchanged, then the percentage of the incident radiation absorbed is 
decreased. That is, the apparent coeffiaent k’ decreases more rapidly than 
the density. (2) If to the expanded gas an inert and transparent gas is 
added until the total pressure is the same as before expansion, the mass of 
the expanded gas traversed per unit cross-section of the path remaining 
unclianged, then the amount of absorption is restored to its value before 
expansion. This is said to hold for total pressures up to at least 1 atm 


•» PaMben, F . Ann d Phynk (IVvd ), SI, 1-39 (1894) 


»»T Bahr. E, Ann d Physik (4), 39, 780-796 (1909) 

597 ( 1910 ), Idem, 38, 206-222 ( 1912 ), f'erJL dtiH fkyM Ces , 1 ^ 


Upaala (1909), Idem, 33, 585- 
673-677 (1913) 


*** Angstrom, K, /Irk Maik , Attr , och Fy* , 4| lUX. 30 (1908). 
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That is, for a given total pressure so produced, the absorption depends 
solely upon the mass of absorbing gas traversed per unit cross-section of 
the path, and not at all upon the actual specific volume of that ^s. (3) The 

rate of increase m the absorption with the total pressure, produced as stated, , 
is at first great, but finally becomes zero. For water-vapor she pves the 
following data for A = 2.7 ii, the length of column and the mass of water- 



Ficure 1 


Absorption of Infrared Kadiation by Water-vapor 

Phynk (Wied ), ( 4 , 584- 


“ figure by H Rubens and E Aschkinass, Ann d 

P05 (1898) J 

.. unit =■ 1 a = 10-<cni. ordinates = per cent of incident radiation that 

IS absorbed by a certain cdumn of water-vapor at a partial pressure of about 1 atm length of 
column was about 75 cm Temperature was somewhat wer 100 'C 


vapor remaining unchanged, and the increase in total pressure being pro- 
duced by adding dry air, which is essentially transparent for that radiation ; 


P 12 100 235 

100(/r-7)/7, 2 8 4 7 7.2 


370 570 755 mm-Hg 

8 6 10 6 12.1 


(4) Such increase in total pressure does not increase’ the width of an 
absorption band, but does increase the intensity of the band at each point, 
including its maximum (5) If the pressure is increased solely by heating,’ 
the width of an absorption band is increased, but the intensity at the maxi- 
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mum of the band is unchanged. As regards (4) and (5), water-vapor was 
not included in her investigations. 

That is, the amount of absorption per molecule is influenced by the 
. number of molecular impacts per second, and also by the mean kinetic 


Table 59. — Absorption of Radiation by Water-vapor 

(Sec also Figure 1. For absorption of x-rays and y-rays, see Section 42) 

The apparent coefficient of absorption (fe') is defined by the relation 
I — it differs from the true coefficient and depends upon I, unless 

the strictly monochromatic absorption varies but negligibly over the spec- 
tral range for which the individual observations give the average absorption 
(see text). Furthermore, k' is not proportional to the density of the vapor, 
and if the vapor is mixed with an inert transparent gas, k' varies with the 
partial pressure of that gas (see text). 

Dreisch (D) and Granath (G) expressed their results in terms of k', 
believing that the conditions were such that k' is identical with the true 
coefficient. The other observers expressed theirs in terms of percentage 
of absorption, Abs = 100(7o — I) /In Granath’s data refer to water- 
vapor saturated at 25 "C (press = 0024 atm) ; all the others refer to a 
pressure of 1 atm and to pure water-vapor, unless the contrary is indicated. 
Rubens and Aschkinass (RA) do not give the exact temperature of the 
vapor they used, stating merely that the tubular container was heated above 
100 ®C, so as to avoid condensation ; the value of the specific volume here 
used is that corresponding to 100 ® C ; the pressure W'as 1 atm 

The values of the absorption reported by L. R Weber and H. M. Ran- 
dall seem to have been given solely for the purpose of indicating the 
intensities of the several absorption lines , coefficients of absorption cannot 
be derived from them and the accompanying data 


Unit of X I M * I0<A, of Abs 1 % , of / *■ 1 cm, of v/wn « 1 cniVg» of k* » 1 cm-* Temp * t "C 


X 

Ails 

0190 

IR 

0195 

51 

0 205 

24 

095 

8 

1 12 

14 

1 35 

110 

1 37 

20 3 

1 37 

75 

1404 

38 3 

145 

24 8 


l 

v/m 

29 

43310 

241 

43310 

241 

43310 

109 

1801 

109 

1801 

25 

1677 

25 

1677 

109 

1801 

25 

1677 

25 

1677 


t 

moot' 

25 

70 

25 

30 

25 

12 

127 

0 76 

127 

14 

100 

46 

100 

87 

127 

127 

100 

19 3 

100 

114 


k’v/m 

Jlef 

300 

G 

130 

G 

50 

G 

14 

H 

25 

H 

77 

D 

14 6 

D 

22 9 

H 

32 4 

D 

191 

D 


(18T4)‘r’^*287'iM7l894r*'’"'* ’’ 

"•Schmidt, H, ^«n i rhisih (41 », 97M028 (1909) 


■* Weber, L. H , end Rand.ill, H, M . Pkyt Rtv (1}, Vi, 83S-847 (1932) 
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Table 59. — (Continued) 


X 

Abi 

l 

v/m 


lOOOX' 

M'vJm 

150 

101 

25 

1677 

100 

4.2 

71 

1.80 

88 

25 

1677 

100 

37 

62 

1.83 

84 

109 

1801 

127 

168 

302 

185 

37.3 

25 

1677 

100 

187 

31.4 

1.885 

476 

25 

1677 

100 

25 8 

43.3 

19 

74 

109 

1801 

127 

124 

223 

1935 

37.5 

25 

1677 

100 

188 

315 

197 

259 

25 

1677 

100 

120 

201 

20 

86 

25 

1677 

100 

36 

60 

248 

93 

109 

1801 

127 

244 

43 9 

255 

47.5 

25 

1677 

100 

258 

43 3 

2.585 

800 

25 

1677 

100 

644 

108 

2.618 

918 

25 

1677 

100 

902 

151 

265 

772 

25 

1677 

100 

59 

99 

2.82 

91 

109 

1801 

127 

221 

398 

319 

40 

109 

1801 

127 

47 

8.5 

3 26 

27 

109 

1801 

127 

29 

52 

525 

85 

109 

1801 

127 

174 

313 

70 

75 

75 

1677 

100+ 

18 5 

31 

7.55 

90 

104 

1801 

127 

221 

39 8 

790 

72 

104 

1801 

127 

122 

220 

80 

40 

75 

1677 

100+ 

68 

114 

82 

32 

104 

1801 

127 

37 

67 

90 

5 

75 

1677 

100+ 

07 

1.1 

100 

7 

75 

1677 

100+ 

10 

17 

no 

6 

75 

1677 

100+ 

08 

13 

115 

10 

75 

1677 

100+ 

14 

23 

117 

5 

75 

1677 

100+ 

07 

1 1 

120 

9 

75 

1677 

100+ 

13 

22 

124 

20 

75 

1677 

100+ 

30 

SO 

12 4 

34 

104 

1801 

127 

40 

72 

128 

13 

75 

1677 

100+ 

1 9 

32 

130 

18 

75 

1677 

100+ 

27 

45 

133 

47 

104 

1801 

127 

61 

11 0 

13 4 

28 

75 

1677 

100+ 

44 

74 

13 9 

22 

75 

1677 

100+ 

33 

56 

140 

28 

75 

1677 

100+ 

44 

74 

143 

43 

75 

1677 

100+ 

75 

125 

144 

61 

104 

1801 

127 

90 

163 

150 

35 

75 

1677 

100+ 

5 7 

96 

15 5 

52 

75 

1677 

100+ 

98 

164 

156 

76 

104 

1801 

127 

13 7 

24 7 

15 7 

63 

75 

1677 

100+ 

13 2 

222 

160 

52 

75 

1677 

100+ 

98 

16 4 

165 

74 

75 

1677 

100+ 

18 0 

301 

170 

85 

75 

1677 

100+ 

25 3 

424 

170 

88 

104 

1801 

127 

204 

36 7 

170 

52 

32 4 

1801 

127 

226 

407 

173 

61 

324 

1801 

127 

290 

522 

175 

88 

75 

1677 

100+ 

28 3 

475 

180 

82 

75 

1677 

100+ 

22 9 

384 

183 

80 

75 

1677 

100+ 

21 5 

361 

183 

61 

32 4 

1801 

127 

290 

521 

18 5 

83 

75 

1677 

100+ 

236 

396 

190 

93 

75 

1677 

100+ 

35 5 

59.5 
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Table S9. — (Continued) 


X 

Abe 

i 


vlnt 

t 

lOOOP 

h'v/m 

Ref* 

192 

82 

324 


1801 

127 

529 

952 

H 

195 

98 

75 


1677 

100+ 

521 

874 

RA 

198 

84 

324 


1801 

127 

56 5 

1018 

H 

20.0 

99 

75 


1677 

100+ 

613 

103 

RA 

203 

81 

324 


1801 

127 

512 

922 

H 

32 

604 

40 


1723 

no 

23 2 

39 9 

RWg 

52 

993 

40 


1723 

no 

124 

213 

RWg 

108 

804 

40 


1905 

(?)‘ 

408 

78 

RWd 

no 

804 

40 


1723 

no 

408 

703 

RWg 

314 

50,8 

40 


1723 

no 

17.7 

30 5 

RWg 

Positions of other maxima 

(m) and of regions 

(w) of very little absorption 


X 


ReC 


X 

Ref* 



47 w 


We 



79 m 

We 



50 m 


We, 

,Wi 


79 3m 

Wi 



52 5 m 


Wi 



909 m 

Wi 



54 w 


We 



91 w 

We 



58 m 

(?) 

We 



103 m(>) 

We 



56 6 m 


Wi 



108 9 m 

Wi 



62 w 


We 



ns w 

We 



63 7 m 


Wi 



n68m 

Wi 



66 m 


We 



125 w(’) 

We 



696 m 


Wi 



1318 m 

Wi 



745 m 


Wi 



138 w(’) 

We 



75 w 


We 



167 m 

Wi 



Diathermacv of moist air for the complete radiation from an enclosure at the 
temperature l°C LenRlh of tube = 250 cm Pressure = 1 atm, temp =70'F 
= 21 1 'C, moisture content = 0 032 mm of precipitable water, Kivmg Im/v — 0 0032 
R/cm*, v/m = 78 1/r of vapor, and relative humidity = 70 per cent (In the legend 
to the graphs, the temperature of the moist air is incorrectly given as 70 “C )"* 


t 

510 

590 

735 

760 

780' 

820 

850 

mi/h 

913 

922 

926 

926 

92 6 

92 7 

929 

lOOOt’ 

036 

0 33 

031 

0 31 

0 31 

030 

029 

k'l'/m 

26 

24 

22 

22 

22 

22 

21 


* References and remarks 

D T Drctsch,*™ quoted bv J Becquerel and J. Rossignol*** The sig- 
nificance of the lalues tabulated by Dretsch is not entirely clear The 
heading of the column indicates that the values are k’ in our notation, 
and It IS stated that / = 1 meter ; but it seems that he means by the 
last merely that the unit of k’ is 1 m"‘, which is the interpretation 
adopted by Becquerel and Rossignol, and used in this compilation 
Neither the temperature, the pressure, nor the density of the vapor is 
explicitly stated, but the text indicates that the vapor was probably 
saturated at 100 'C, corresponding to a specific volume of 1677 cmVff 
Assuming this and the preceding interpretation of the tabular data 
to be correct, one finds that the ordinates of his Fig 2 should each 
be 0 3 of the corresponding tabular value, which they are The values 
here assigned to him have been denied from his data on the basis of 

“•Brown. S L, Phyi Rev C) 2t. 103-106 (1923) 

“•Dreiseb, T, 2 Physik, 30, 200 216 (1924) 

“• Becquerel, J . and Koseignol, J , Int Crtt Tablet, 5, 269 (1929) 



19. VAPOR: EMISSIVITY 


131 


Table 59. — (Continued) 

these assumptions Becquerel and Rossignol appear to have erred in 
stating that the values of k' refer to vapor at 0 “C and 1 atm. 

G L P. Granath ^ used vapor saturated at 25 ‘C 

H G Hettner used vapor at 127 “C and 1 atm 

RA H Rubens and E Aschkinass,* vapor saturated at 100 'C was passed 
into the middle of a metal tube open at each end and heated some- 
what above 100 °C 

RWd H Rubens and R W. Wood* 

RWg H Rubens and H v Wartenberg* used vapor at 110 °C and 1 atm, 
tube open at ends 

We W. Weniger* 

Wi H. Witte* 

* Neither the temperature nor the pressure is stated 

' Using a column of moist air 51 cm long, v/tn = 100500 cmVg of vapor, t = 800 °C, 
W W Coblentz* found absorption = 0 9 per cent, which corresponds to 1000^'= 018, 
k’ji/tn = 18 For a column of dry air of the same length, the absoiption was about 
0 09 per cent, “which is the magnitude of the errors of observation ” The pressure 
was 1 atm in each case The measurement was incidental to another investigation 


energy of the impacting molecules, but the intimate effects of these two 
influences seem to differ 

In general, determinations made at a single partial pressure, a single 
temperature, and a single wave-length do not suffice for the determination 
of the absorption undet other conditions. 

Observations by F Paschen indicate that the infrared radiation from 
heated gases is of thermal origin, and satisfies Kirchhoff’s law, cases involv- 
ing obvious chemical and electrical effects being excluded , but the evidence 
IS not entirely convincing See also, C Schaefer and F. Matossi, “Das 
Ultrarote Spektrum,” p. 104, 1930 

Tables for use in the determination of the effect of moisture upon the 
atmospheric transmission of solar and of terrestrial radiation have been 
published by F E. Fowle,®**® together with his observations bearing thereon 

19. Emissivity of Water-vapor 

The only direct measurements of the emissivity of water-vapor and of 
its variation with the thickness of the layer of vapor seem to be those men- 
tioned in Table 60 Earlier estimates based upon the values of the spectral 
absorptivity in the regions effective — ^the bands at K = 2 67 ft, and 6.6 /i, 

■■Granath, L P, Phys Rev (2), 34, 1045-1048 (1929) -> 33, 1073 (A) (1929). 

■• Hettner, G , Ann d Phystk (4), 55, 476-496 (1918) 

■ Aachkinaaa, E , Ann d Phynk (Wied ), 64, 584-605 (1898) = Astnphys ] . 

Bp l/6~]92 (1898} 

■•Rubeni, H, and Wood, R W, Ferh thysik. Gee., 13, 88-100 (1911). 

^ > *"'• 7 Wartenberg, H. PhyeiA. Z, 12, 1080-1084 (1911) = Verh, dent, bhyetk 

Gee, 13, 796-804 (1911) 

■•Weniger, W, J Opt Soc Amer , 7, 517-527 (1923). 

■> Witte, H, Z Pkyetk, 28, 236-248 (1924) 

529~3l“?i357)Tl920i Peters Bur Stand, 15, 
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Table bO^EmisslTity of Water-vapor 

c = ratio of the net radiation from the layer of water-vapor, or of a 
mixture of the vapor and COa-free air, to that from the ideal radiator 
(black body) at the same tenqierature. The intensity of radiation from 
the ideal radiator may be found in Table 288; r = thickness of the layer 
of radiating gas ; p = partial pressure of the vapor. Temp. = / °C = °F. 

Unit o< 1 ■ 1 cm . of ^ ~ 1 ntm, t u dimeuionleu 

I. Pure vapor. E. Schmidt ; values confirmed by E. Eckert.®®* The 
following values have been read from Schmidt’s graph, ^ = 1 atm in all 
cases. 


T 

1 

0.96 

2 00 

3 02 

4 02 

lOOe 

600 

12 0 

18 2 

100 

9.0 

14.4 

179 

208 

236 

302 

343 

200 

81 

13 2 

166 

19 4 

223 

290 

33 2 

300 

72 

118 

152 

17 8 

208 

276 

318 

400 

61 

102 

137 

16 0 

192 

260 

302 

500 

52 

8.8 

120 

14 4 

174 

24 3 

284 

600 

44 

78 

10 5 

12 6 

156 

226 

266 

700 

38 

67 

92 

112 

13 8 

20 7 

24 8 

800 

32 

00 

82 

100 

124 

19 0 

230 

900 

28 

52 

73 

90 

113 

17 4 

214 

1000 

26 

48 

66 

81 

103 

160 

200 


II. Vapor mixed with air. H. C. Hottel and H G. Mangelsdorf.*®* 
The following values have been read from their graph. In all cases, 
T - 51.2 cm (1 68 ft ) and total pressure = 1 atm. 


ir ^ 

f 

0 256 

0 0050 

0 51 
0010 

I 02 

0 020 

2.04 

0 040 
jOOe 

4 09 

0 080 

8 5 

0 167 

25 6 

0 50 

512 

1 00 

200 

93 

1 36 

26 

50 

85 

14 

23 

39 

50 

400 

204 

1 IS 

22 

4.1 

76 

12 5 

21 

36 

48 

600 

316 

098 

19 

36 

67 

no 

18 5 

34 

45 

800 

427 

0 82 

16 

32 

59 

10.0 

16 8 

31 

43 

1000 

538 

071 

14 

2.8 

52 

90 

15 2 

29 

41 

1200 

649 

063 

13 

25 

46 

80 

14 0 

27 

39 

1400 

760 

0 57 

1 10 

2.2 

41 

72 

12 5 

26 

37 

1600 

871 


096 

198 

37 

65 

11.5 

24 

35 

1800 

982 


088 

172 

32 

58 

10 2 

22 

34 

2000 

1093 


0 75 

1.51 

29 

53 

94 

21 

32 

2200 

1204 


070 

1.38 

26 

48 

86 

19 

30 

2400 

1316 


061 

120 

24 

44 

80 

18 

29 

2600 

1427 


0 52 

108 

21 

4.0 

72 

17 

27 

2800 

1538 



098 

196 

3.6 

67 

16 

26 

3000 

1649 



0.89 

180 

33 

6.2 

15 

25 


z trehn. Pkynk, 5, 267-278 (1924); 
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and the region X = 12 to 25 /<. — ^had been made by A. Schack.*®* They 
involve a number of simplifying assumptions, including the following: 

1. Where the absorption is the greatest in any band, the observed 
relative amount of radiation transmitted is exponentially related to the 
thickness ; I = /oe'*"*, k„ being independent of x. In general, this is not 
true (see Section 18). 

2. The integral effect of any given band can be represented by an 
expression of the form 

A 

the band extending from Ao to Xo + AX. 

3. The value of observed when the temperature and pressure are 
relatively low will apply when they are high. Actually, the individual lines 
are broadened and the local variations in intensity throughout the band are, 
in part, wiped out as the temperature and the pressure are increased, either 
singly or together. 

Owing to such assumptions and to the fact that the value found for km 
depends upon experimental details, these estimates are unsatisfactory, 
although they were of great value when made, being the only estimates then 
available. 

M. Jakob has discussed them, and has compared them with the 
results obtained by Schmidt ; and H. C Hottel has published an English 
paraphrase of Schack’s work, extended by graphs and some elaboration 
of detail. 

The intensity of the radiation emitted at a given temperature by a given 
volume of water-vapor when mixed with a nonabsorbing and nonradiating 
gas is not determined solely by the amount of the vapor contained in that 
volume, *.<?., Beer's law is not valid for such a mixture.*®*’ ®*® 

20. Luminescence of Water-vafor 

The types of luminescence here considered are these: Fluorescence, 
including phosphorescence ; the Rayleigh scattering (also called the Tyndall 
effect) ; the Raman scattering; and the scattering of x-rays. The distinc- 
tive characteristics of these several effects, except the last, are considered 
in Section 39. 

**‘Hottd, H. C.) Tram. Am. Imt. Chtm Eng, If, 173-205 (1927), J. Ini Eng. Chtm, 19, 
888-894 (1927) 

Eckert, E , Fortclatngtkfft. 387, 1-20 (1937). 

** Schmidt, E., and Eckert, E , Forteh Gtbiett tngenieurw , 8 , 87-90 (1937). 

mr Schmidt, E , Farich Ctbtrte Ingenunrxa , 3, 57-70 (1932). 

■•Hottel, H. C, and Manseladorf, H C.. Trans Am. Inst. Chem Eng., 31, 517-549 (1935). 
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Fluorescence. 

When water-vapor at atmospheric pressure is illuminated by light from 
the mercury line A = 2S37A, it emits an intense ultraviolet fluorescence 
having a continuous spectrum which has a maximum near 2537 A, and 
extends several thousands of wave-numbers (cm'‘) toward the visible 
sjiectrum , its intensity is some thousands of times greater than that of the 
Raman-scattered light.*®® 

A\'hen moist nitrogen is exposed to radiation of high frequency (ultra- 
Schumann), it luminesces, and the spectrum of the luminescent light con- 
tains the so-called water-hand ®®® This was described as a fluorescence of 
water-vapor But it is now agreed that the “water-band” actually arises 
from the OH molecule Consequently, the observed luminescence cannot 
properly be described as a fluorescence of w ater-vajxir. G H Dieke so 
remarks, and explains the dissociation as arising from “impacts of the 
second kind” between H 2 O molecules and excited Ns molecules , m which 
case, the band should vanish if the No were eliminated. 

H. Neuimin and A. Terenin*®* have stated that radiation from the 
Schumann region excites luminescence in water-vapor as a result of photo- 
dissociation combined with excitation of the resulting OH radical The 
hydroxyl band at A = 3062A is particularly strong The luminescence is 
strongest when the pressure of the vapor is alxiiit 0 8 mm-Hg ; it is reduced 
by the presence of CO or of H 2 , but not by that of N 2 or of argon 

In speaking of the reaction that occurs m a mixture of Hj and O 2 , 
S. Honba has stated that m the transition region from nonexplosive to 
explosive reaction at the lower critical pressure there is luminescence, 
although the reaction velocity is measurably small, and heating seldom 
occurs 

Rayleigh Scattering. 

The depolarization (see Section 39) of the light scattered by water- 
vapor IS ^ = 001S)9, the density of the gas being low.*®* Such a defect in 
polarization has lieen explained by I^rd Rayleigh ®®® and by M Born »®« 
as being due to an anisotropy of the molecule . but I R Rao ■^®* has con- 
cluded that It is the anisotropy of the oxygen ion that is involved For a 
discussion of the anisotropy of the HjO molecule and of its ions, see Sec- 
tion 9. 

No direct measurement of the ratio of the intensity of the light laterally 
scattered by water-vapor to that of the incident light has been found, but 
from other ratios obtained by others. W H Martin and S. Lehrman »®* 
have computed the value Ir"/EV = 1 06 X 10** per atmosphere, as apply- 
ing to water-vapor at 27 °C Here / = intensity of the scattered light at 
the distance r from the scattering vapor of volume V, and E is the intensity 
of the incident (exciting) light 

■•Raietti, F, Nuevo Ciw . N S , t, 191-123 <1931). 
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Raman Scattering. 

As each frequency in the incident radiation gives rise to its own series 
of Raman lines, the interpretation of the observed spectrum is difficult, or 
^even ambiguous, unless the incident radiation is unifrequent, which it 
usually is not. For a discussion of the general subject and the earlier data 
see K. W. F. Kohlrausch, “Der Smekal-Raman Effekt,” 1931. 

Table 61. — ^Raman Spectrum of Water-vapor 

Sk = difference between the wave-number of the Raman line and that 
of the associated line m the incident radiation ; = &v is the wave-length 

corresponding to the fundamental frequency responsible for Sy, and pre- 
sumably has a representative of nearly the same value in the infrared spec- 
trum of the vapor ; No. = number of components observed. 


Unit of fly = 1 cm”', of X* “ 1 A 1(HA “ 10“* cm 


No 

1 


Sp — 

3655 


' 

Ref • 

DK 

3 


3654 

1648 

984 

JW 

2(?) 

3804 (?) 

3650 

none 

none 

Rk 

1 

3655 



Ro 

1 


3654 5 



Be 

1 


3646‘ 



Uk 

hn-k 

263 

2 74 

606 

102 



•References and remarks 

Be D Bender."” 

DK P Daure and A Kastler used vapor saturated at 130 *C , found a 
single, fine Raman line with no satellite of comparable intensity. 

JW H L Johnston and M K Walker 

Rk D H Rank*“ used vapor at atmospheric pressure; sought for the JW 
lines at 8y 1648 and 984, but failed to find them On long exposure found 
a line (p = 21950) that JW assigned to a 984 cnr* shift from \ = 43S8A, 
but which can just as well be regarded as a 3650 cm"' shift from X 
=3906A. The ip = 3804 cm"' is quite doubtful ; the line was very weak, 
though the exposure was for 93 hours 

Ro I R Rao*" concludes that the data available early in 1934 indicate that 
there is but a single line, that for which ip = 3655 cm"', 

Uk S A Ukholm’" 

•This is for density j> = 0055 g/cm’; at low density the line becomes double, 
ip = 3639 and 3653 cm"'. 


•“Wood, R W, Phil Mag (6), 20, 707-712 (1910). Wood, R W , and HemBalech, G A, 
Idem. 27, 899-908 (1914) , Meyer, <: F , and Wood, R W , Idem, 30, 449-459 (1915) 

“iDieke, G H, Free Akad Wet Amsterdam, 28, 174-181 (1925). 
va Neuimin, H, and Terenin, A, Acta Phystcoehtm URSS, ^ 465-490 (1936). 

“Horiba, S, Set Rep Tihoku Imp Untv (Sendat), (1) Honda Anntv. Vol , 430-443 (1936). 
*“ Rao, I R., Indian J. Phys , 2, 61-96 (1927) 

•“ Lord Rayleigh, Pktl Mag (6). 39, 373-381 (1918) 

•“Bom, M, Verh dent phystk Gee, 19, 243-264 (1917); 20, 16-32 (1918) 

•"Rao, I R., Indian J Phye , 2, 435-465 (1928). 

“■Martin, W. H, and Lehrman, S , I Phye^l Chem , 26, 75-88 (1922) 

■» Bender, D , Phys. Rev. (2). 47, 252 (L) (1935) 

“•Daure, P, and Kaatler, A, Compt. rend, in, 1721-1723 (1931). 
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Scattering of X-rays. 

H. Gajewski has found that hts observed intensity (/} of the x-rays 
scattered by water-vapor at an angle $ to the direction of the incident beam 
agrees within experimental error with that calculated for the triangular 
molecule with the O-H distance = 086A and the H-H = 1.28A, which 
distances (see Table 16) are those pubbshed by R. Mecke*** Account was 
taken of the effect of the hydrogen as well as of the oxygen, of the inter- 
action between the two, and of the Compton effect. His values are as 
follows, the unit of intensity being that at 0 = 0 : 

2sin(«/2} 0 04 05 06 08 1.0 12 14 16 18 

I 10 0 92 0 78 0.62 0 44 0 35 0 30 0 26 0 23 0 21 


21 Spectra of Water-vapor 

Absorption Spectrum. 

The absorption spectrum of water-vapor extends from the far infrared 
to the far ultraviolet (see Table 62), and consists of a senes of bands, each 
composed of numerous lines. In places, several bands overlap. Only 
recently has it been possible to arrange the bands in a satisfactory order, 
and to analyze their structure. Among the earlier attempts to analyze the 
bands of longer wave-length, may be mentioned those of C. R. Bailey,**^ 
C. R. Bailey, A B. D Cassie and W. R Angus, H. Deslandres,®‘* J, W. 
Ellis.**® A. Eucken,**' G. Hettner,*** F. Hund,*** P. Lueg and K. Hed- 
feld,»*« R Mecke.»>« E K. Plyler,*** W. W. Sleator and E. R. Phelps,*** 
and H. Witt 

The papers from Mecke’s laboratory in 1932 *** should be consulted for 
procedure and comments, but the numerical analysis then published is super- 
seded by that of 1933.*** The result of this analysis is given in Tables 64 


«« Johniton, H I, , iind Walker, M K , Phyt Rn (2). 3», 535 (L) (1932) 
Rank, 1) II, 2 Ckrm'l Phyt , 1, S04-S06 (1933) 

•“Ran. I R. PW Uag (7), 11. 1113-1134 (1934) 

•“ llkbolin, S A . Compt rent Acad Set VRSS, 14, 395-398 (1937) 

Gasewski, H , Pkyttk Z , 31, 122 131 (1932) 

“• Mecke, R . Phytth Z , 30, 907-910 (1929) 

" Bailey, C. R , Traiu Faraday Soe , 28, 203-212, 213-215 (1930) 

•<* Bailey, C. R , Caaaie, A B. D , and An(iu, W R , Idem, 28, 197-202 (1930) 
»" Dealandres, H. Compt rend, 110, 1454-1460, 1980-1986 (1925) 

“• Ellit, J W . PM Mag (7), 3, 618-621 (1927) 


^ 1159-1162 (1913), /ttkrd d Radio-akt., 16, 361- 
411 (1920), Z Elektroch , 26, 377-383 (1920) ^ 

■•Bettiier, G, Z Phynk, 1, 345-354 (1920) 

•■Hund, F., Idem, 43, 805-826 (1927). 

Lueg, P., and Bedfeld, K , Idem, n, 512-520 (1932) 

•• Plyler, E. K., Phyt Rev. (7), 31, 77-82 (1932). 


•"Sleator, W W, and Pbelpa, E R, Atireph J, 62, 28-48 (1925). 
•" Witt, H , Z Phyttk, 28, 249-255 (1924) 


IS/ 'I”?'.? (B), 16. 409-420, 421-437 

(1932); lleeke, R, and Baumann, W, Pkyetk 2, 33, 833-835 (1932) 

^*55e^e, Z. Phyetk, SL 313-331 (1933), Baumann, W,, and Mecke, R, Idem 81. 445-464 
(1933), Freudenberg, K., and Mc^ R., idem, 81, 465-481 (1933), ' “ 445-464 
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Table 62 . — Lines and Bands in the Absorption 
Spectrum of Water-vapor 

Herein are listed the recorded wave-lengths of the maxima or centers 
of the several bands, of the isolated lines that may not be involved in the 
fine-structure of the bands, and of certain series of lines (B, Ra, WbR) 
forming the fine-structure of bands The last are included solely as illus- 
trations of the nature of such structure , for additional data, reference should 
be made to the sources listed in Table 66. All wave-lengths recorded by 
B and by Ra are listed, but only the distinct maxima observed by D and 
by WbR are given. 


Lnit of X ■ 1 /* = 1(HA = 10-* cm, of i» » 1 cm-’ 


X 


R* 

Ref • 

X 

If 

R* Ref * 

400* 

25 0 

0 

Ba 

82 4 

1214 

K 

250* 

40.0 


Ba 

81988 

12197 

WrR 

170* 

588 


Ba 

793 

1261 

Wi 

167. 

599 


Wi 

79. 

126. 

Ru*-' 

150 

667 


Wi 

78 63 

127 2 

WrR 

1347 

74.2 


WrR 

780 

128 2 

Ru* 

1323 

75.6 


WrR 

7766 

U8 77 

WrR 

1322 

756 


Ru“ 

756 

132 3 

K 

1318 

759 


Wi 

7532 

132 77 

WrR 

1278 

78 2 


WrR 

74 5 

134 2 

Wi 

126 5 

790 


WrR 

724 

1381 

K . 

125 6 

796 


WrR 

722 

1385 

Ru* 

1217 

822 


WrR 

7179 

139 30 

WrR 

116 8 

85 6 


Wi 

7098 

14088 

WrR 

1131 

884 


WrR 

696 

143 7 

Wi 

1117 

89 5 


WrR 

66 62 

15010 

WrR 

1089 

918 


Wi 

660 

1515 

K 

1081 

92 5 


WrR 

66 

152 

Ru’ 

1058 

94 5 


Ru' 

65 8 

1520 

Ru* 

10403 

9613 


WrR 

6514 

153 52 

WrR 

103 (’) 

971 


Ru‘ 

63 7 

157 0 

Wi 

10096 

99 05 


WrR 

63 34 

15788 

WrR 

995 

100 5 


Wi 

6001 

166 64 

WrR 

99415 

100 59 


WrR 

58 2 

171 8 

K 

98559 

10146 


WrR 

58 (>) 

172 

Ru’ 

95 613 

10459 


WrR 

57 7 

173 3 

Ru* 

94 541 

10577 


WrR 

566 

176 7 

Wi 

94 

106 


StW 

563 

1776 

K 

93199 

107 30 


WrR 

52 5 

190 5 

Wi 

92662 

10792 


WrR 

52 0 

1923 

K 

909 

110 0 


Wi 

52 

192 3 

StW 

89 919 

11121 


WrR 

50 

200 

Wi 

88520 

112 97 


WrR 

50 

200 

Ru'* 

85662 

116 74 


WrR 

498 

2008 

K 

850 

117.6 


K 

490 

2041 

Ru* 

84 690 

11808 


WrR 

480 

2083 

K 

83196 

12020 


WrR 

442 

2262 

K 

83 

120 


Wi 

441 

226 8 

Ru’ 

* Since this table was 

written the region 

18 to 75 m 

has been carefully mapped 


analyzed by Randall and associates, 38 to 170 m by Barnes and associates, and the 
ultraviolet spectrum beyond X = 1785 M by Price (see text) ; and the 6324 A band in 
die spectrum of the low sun has been studied by V N Kondratjev and D I Eropkin "* 
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X 

V 

R* 

406 

246 3 


400 

250 0 


386 

2591 


35 7 

2801 


356 

2809 


330 

303 

s 

329 

304 


310 

323 

s 

306 

327 


289 

346 


266 

376 


250 

400 


24 72 

404 5 

38 

23 81 

420 0 

66 

23.8 

420 


22.9 

437 


2261 

4421 

31 

2238 

446 8 

42 

21 81 

458 5 

65 

216 

463 


21 12 

473 5 

53 

2062 

485 0 

28 

205 

488. 


2029 

492 8 

24 

1987 

503 3 

30 

198 

505 

s 

198 

505 


19 7 

508 


193 

518 

32 

192 

521 


1902 

525 8 

21 

1837 

544 4 


18 34 

545 2 

19 

1821 

5491 

14 

17 57 

569 2 

16 

17 5 

571 


1733 

5770 

s 

173 

578 

14 

17 0 

588 


16 89 

592 1 

14 

1680 

595 2 


16 53 

605 0 

14 

16 00 

625 0 


1599 

625 4 

40 

15 73 

635 7 

32 

15 7 

637 


1562 

640 2 

s 

1517 

6592 

25 

14 98 

667 6 


14 5 

690 

35 

1432 

698 3 

s 

143 

699 


1362 

734 2 


13 50 

740 7 

17 

134 

746 


13 34 

749 6 

s 

13 06 

765 7 

17 


Table 62. — (Continued) 


Re{» 

X 

K 

1282 

Ru* 

1265 

K 

1242 

Ru* 

124 

K 

1214 

Ht 

1189 

Ru* 

11 77 

Ht 

1166 

Ru* 

116 

Ru* 

1147 

Ru* 

1124 

Ru* 

1106 

WbR 

1094 

WbR 

109 

Ru* 

10 80 

Ru* 

1066 

WbR 

10 42 

WbR 

10 30 

WbR 

998 

Ru* 

9 74 

WbR 

9 50 

WbR 

9 30 

Ru* 

6 296 

WbR 

6 2673 

WbR 

626 

Ht 

3168 

RuA 

3168 

Ru* 

315 

WbR 

3109 

Ru* 

2672 

WbR 

2 663 

RuHt 

266 

WbR 

2 618 

WbR 

2 05 

WbR 

200 

RuA 

1885 

RuHt 

1 875 

WbR 

187 

Ht 

1 870 

WbR 

146 

RuHt 

1 45 

WbR 

1 404 

RuHt 

1382 

WbR 

1 .38 

WbR 

1379 

RuA 

1 37 

RuHt 

1 16 

WbR 

1 135 

RuHt 

1 13 

WbR 

1 13 

RuHt 

0964868 

RuA 

0 964559 

RuHt 

0 964506 

WbR 

0 963758 

RuA 

0963616 

RuHt 

0958184 

WbR 

0958112 


V 

fe» 

Ref » 

780 0 


RuHt 

790 5 

15 

WbR 

805 2 

5 

RuHt 

806 


RuA 

823 7 

7 

WbR 

8410 


RuHt 

8496 

7 

WbR 

857 7 

s 

RuHt 

862 


RuA 

8718 


RuHt 

889 7 


RuHt 

904 2 

5 

WbR 

9141 

s 

RuHt 

917 


RuA 

9259 


RuHt 

9381 


RuHt 

959 7 

9 

WbR 

9709 

s 

RuHt 

1002 


RuHt 

1027 

s 

RuHt 

1053 


RuHt 

1075 


RuHt 

1588 3 


M(T) 

15956 

c 

SPh, BC 

1597 

c 

Many 

3156 

c 

PIS 

3156 

c 

M(T) 

3175 


Many 

3216 


SPh 

3742 

c 

SPh 

3755 


M(T),BC 

3759 


Many 

3820 

90 

D 

4878 


Many 

5000 


Many 

5305 

26 

D 

5333 


M(T) 

5348 


Many 

5.348 


SPh 

6849 


Many 

6896 

c 

McU 

7122 

19 

1) 

7236 

c 

SPh 

7246 

c 

McU 

7252 


M(T) 

7299 


Many 

8621 


Many 

8810 


M(T) 

8850 

c 

McU 

8850 


Many 

103641 

2 

B 

10367 4) 

5 

B 

10368 OJ 

5 

B 

103760 

6 

B 

103776 

6 

B 

104364) 

3 

B 

10437.2 J 

4 

B 
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Table 62. — (Continued) 


\ 

V 


Ref > 

X 

V 


R* 

Reft 

0 958005 

104384 

4 

B 

0932567 

10723 1 

4 

B 

0957936 

104391 

1 

B 

0932506 

10723 8 

1 

B 

0 957138 

104478 

4 

B 

0932083 

10728 7 

5 

B 

0956891 

10450 5 

4 

B 

0.931914 

10730 61 

7 

B 

0 956616 

10453 5 

6 

B 

0931611 

107341} 

6 

B 

0 955733 

10463 2 

5 

B 

0 930962 

10741 6 

7 

B 

0 955451 

104663 

1 4 

B 

09060 

• 11038. 


M(T) 

0 955348 

10467 4 1 6 

B 

0 9050 

11050 



M 

0 954393 

104779 

8 

B 

08230 

12151 



M 

0 953612 

10486 4 

5 

B 

0 8227 

12155 



M(T) 

0 952230 

10501 7 

10 

B 

0 7957 

12568 



M(T) 

0951934 

10505 0 

4 

B 

0 77 

12987 



Many 

0 951706 

105074 

9 

n 

07227 

13837 



M(T) 

0 950171 

10524 4 1 8 

B 

0 7220 

13850 



M 

0 950076 

10525 5 1 

1 9 

B 

0 6994 

14298 



M(T) 

0 949960 

10526 8 

4 

B 

06960 

14368 



M 

0 949751 

105291 

6 

B 

069 

14493 



Many 

0 949449 

10532 41 7 

B 

06530 

15314 



M 

0 949341 

10533 7 1 5 

B 

0 6524 

15.328 



M(T) 

0 948197 

10546 3 

9 

B 

06324 

15813 



M(T) 

0948023 

10548 4 

6 

B 

05952 

16801 



M(T) 

0 946116 

10569 5 

9 

B 

0 5924 

16880 



M(T) 

0 945996 

10570 9 

8 

B 

0 5722 

17476 


1 

M(T) 

0 945698 

10574 2 

1 

B 

0 17844 

56040 


Ra 

0 945622 

10575 0 

5 

B 

0 17705 

56480] 

1 


Ra 

0945479 

10576 6 

4 

B 

0 17546 

57000 

1 


0 945412 

10577 4 

4 

B 

0 17392 

57500] 

1 


Ra 

0 944339 

10589 4 

4 

B 

017153 

58300' 

1 


0 944089 

10592 2 

12 

B 

01700 

58820 



L 

0 943790 

10595 6 

8 

B 

0 16948 

58980 i 

1 


Ra 

0 943068 

10601 7 

6 

B 

0 16805 

59510] 

1 


0 942836 

lOfiOOli 

! ^ 

B 

0 16585 

60300 

1 


Ra 

0 942685 

10608 0] 

1 9 

B 

0 16421 

60900 

1 


0 9420 

10616 


M(T) 

0 16194 

61750 

1 


Ra 

0 941772 

10618 3 

6 

B 

0 15986 

62560, 

I 


0 941044 

10626 5 

6 

B 

0 15871 

63010 

1 


Ra 

0 94 

10638 


Many 

0 15736 

63560 

1 


0 938684 

10653 2 

9 

B 

0 15550 

64310 

[ 


Ra 

0 938122 

10659 6 

9 

B 

0 15422 

64850 

1 


0 937974 

10661 3 

4 

B 

01392 

71840 


1 

L 

0 937774 

10663 5 

9 

B 

013405 

74600 


1 

Ra 

0 937158 

106706 

10 

B 

0 13722 

72880 

[ 

W 

Ra 

0 936960 

10672 8 

7 

B 

0 13610 

73470 


0 936646 

10676 41 

1 s 

B 

0 13567 

73710 

1 

w 

Ra 

0 936495 

10678 I ] 

i 6 

B 

0 13462 

74290] 

1 

0 935893 

10685 0 1 

[ 7 

B 

013406 

74590 


1 

Ra 

0 935755 

10686 6 1 

I 8 

B 

0 13322 

75060 


0 935526 

106892'] 

1 2 

B 

0 13242 

75540 

1 


Ra 

0 935450 

10690 01 

I 6 

B 

0 13177 

75890 

I 


0 935365 

10691 0 1 


B 

013093 

763801 



Ra 

0 935306 

10691 7j 

1 4 

B 

0 13063 

765601 



0 934567 

10700 r 

1 2 

B 

012973 

770801 

I 


Ra 

0 934405 

10702 0 

r 

B 

012910 

77460) 

1 


0 934252 

10703 8j 

1 7 

B 

0 12839 

778901 

1 


Ra 

0 933947 

10707 2 

6 

B 

012790 

78180! 

t 


0 933464 

10712 81 

1 6 

B 

0 12708 

78690] 

[ 


Ra 

0 933355 

107140] 

1 7 

B 

0 12671 

78920] 

f 
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X p 

0.12569 795601 

0 12531 79810 

0.12441 80380 

0 12428 80470 

0.12407 80600 

012381 80770 

012240 817001 

012141 82370) 

011934 83800 

0 11914 83940 

0.11977 834901 

0.11902 84020) 

0.11769 84980) 

011701 85470) 

011520 86810) 

011486 87070) 

0 11334 88230 

011293 88SS0) 

0.11270 88730) 

011236 89000) 

011204 89250) 

011164 895801 

011138 89790) 

011127 89870) 

0.11118 89940) 

0 10984 91040 

0 10951 91320 

0 10911 91630) 

0 10883 91880) 

0 10863 92050) 

0 10839 92260) 

010777 92800) 

010744 93080) 


Table 62 . — f Continued) 


R* 

Rc{> 

X 

V 


Ref 4 


Ra 

0 10592 

0 10500 

94410 

95240: 

1 S 

Ra 

sh 

Ra 

0 10430 
010409 

95880 1 
96080] 

1 ^ 

Ra 

Ra 

0 10277 

97310 

Ssh 

Ra 

sh 

Ra 

0 10133 

98690 

S 

Ra 

c 

Ra 

010050 

99500 

s 

Ra 

o 

01000 

100000 

b 

H 


Ra 

009996 

100040] 

[ 

Ra 


Ra 

0 09984 

100170) 

[ ^ 


Ra 

009960 

100400 


Ra 


0 09938 

1006201 

1 

Ra 


Ra 

0 09917 

100830) 

1 


0 09811 

101930 

w 

Ra 


Ra 

0 0957 

104500 

b 

Ra 


008568 

116710 


H 


Ra 

0 08506 

117560 


H 

s 

Ra 

0 08437 

118520 


H 


008359 

119630 


H 

w 

Ra 

008293 

120580 


H 

0 08218 

121680 


H 

s 

Ra 

0 08149 

122710 


H 

007948 

125820 


H 

w 

Ra 

0 07841 

127530 


H 

007756 

128930 


H 

sh 

Ra 

007667 

130430 


H 

w 

Ra 

0 07588 

131790 


H 

c 

Ra 

0 07508 

133190 


H 

o 

00745 

134200 

b 

H 

w 

Ra 

00740 

135100 

b 

Ra 

0 0694 

144100 

b 

Ra 

s 

Ra 

0 0590 

169500 

bs 

Ra 

00504 

198400 

be 

Ra 


* Remarks 


b region of continuous absorption begins here, and extends to shorter 
wave-lengths 

Ik begiiming of the "coiitinuuni,” which from here on underlies the lines 
and bands 

bs strong absorption from here toward shorter wave-lengths, apparently 
made up of discrete bands (whether bs indicates anything essentially dif- 
ferent from be, is not clear) 
c center of band 

1 long wave-length limit of the band 
W very weak 
w weak 
s strong 
S very strong 
sh sharp line 


Numerals indicate the intensity on a scale peculiar to the observer 
‘ References 


U 

Its 

lU" 

It 

Ht 


BracVrtt F S, 1,ir<>i<h\s J , SJ, 121-112 (1931) 

n tS, 731-737 (19t3) 

UarthMomr, E , ami tlnims, K, Z lileclrork , 40, S29 S31 (1934) 
nrcisch, T Z rhMili, 30, 200 216 (1924) ' 

Hranma, It T Ann i Phynk ($}, 13* S99-620 (1932) 

Hettner, G , litm (4), S3* 476-496 (1918) 
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Table 62. — (Coiihiiuril) 

K Kuhnc, J , Z Fhystk, 14. 722-731 (1933) 

L Leifwm, S W, Astropkys } . <3, 73-89 (1926). 

M Mectce, R , Phyaik Z , JO, 907-910 (1929) 

Ma^ ^proximate value olitainM by various observers, 

M(t) Uecke and collaborators (see Table 6S). 

McU McAlister, E P, and Unger. H I, Phys Rev (2), 37, 1012 (A) (1931). 

PIS Flyler, E K , and Sleator. W W. Idem, 37, 1493-1507 -> 108 (A) (1931). 

Ra Ratfaenau, G , Z Physik, ff, 32-56 (1933) 

Ru' Rubens, H , Siieb k preius Akad Ww (Berlt»), 1913, 513-549 (1913). 

Ru* Idem. 1931, 8-27 (1921) 

RuA Rubens, H, and Aschkinasa, E, Ann d Phytik (W>ed ), 64, 584-605 (1898) 
= Aetrophya J , 8, 176-192 (1898) 

RuHt Rubens, H, and Hettner, G, Verh dent phytik Gea , 18, 154 167 (1916) a- Sttffb 
k preuaa Akad H'laa (Berlin), 1916, 167-183 (1916). 

SPh Sleator, W W , and Phelps, E R, Aalrophya J , 62, 28-48 (1925) 

StW Strong, J , and Woo, S (!, Pkya Rev (2), 42, 267-278 (1932) 

WbR Weber, L R , and Randall, H M, Idem. 40, 835-847 (1932) 

Wi Witt, H , Z Phyatk, 38, 236-248 (1924) 

WrR Wright, N . and Randall, H M , Pkya Rev. (2), 44, 391-398 (1933) 


' From Paschen’s observations v Baltr inferred that water-vapor exhibits no selec- 
tive absorption for X = 400 M, approximately, and that there are bands at X = 250 
and 170 m 


Table 63. — Some Regions of Notable Transparency in the Absorption 
Spectrum of Water-vapor 


E K Plyler and W W Sleator have stated tliat there appears to be 
no absorption at the center (3 168 /t) of the liand that is the liarmonic of 
that near 6 26 

Unit o( X * 1 It"" 10*A • lO'icm 


Region of transparency 

US 

91 

75 

62 

47 

3 168« 

Between 1 38 and 1 87* 
Between 1 87 and 2 67* 
Between 0 137 and 0 178' 


Reference 


H Rubens *• 

SiS 

M 

SSS 

SH 

E K Plvler and W W Sleator.**' 
W W Sleator and E R. Phelps 

IM 

G Rathenau 


* See head of table 

* Between these two bands there is no absorption comparable with that in the 
band at 1 38 M 

“Even at the highest pressure used there was a transparent region between the 
two bands beginning, respectively, at 0 137 M and 0 178 m 


and 65 M. Magat has concluded tliat that analysis is certainly correct 
R Mecke®®^ has remarkecl' “It is very interesting that the normal fre- 
quency vibrating with a momentum parallel to the axis of symmetry does 
not occur in the absorption spectrum, although one would expect this one 

«" Magat, M, Ann de Pkya (It), 6, 108-193 (1936) 

•“Mecke, R, Trana Faraday Sac, 30, 200-214 (1934) 

■•(^iniell, S D, Pkya Rev (2), 51, 739-744 -» 595 (A) (1937) 

■•Oldcnberg, O., Pkya Rev. (2), 46 , 210-215 (1934). 
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to have the strongest absorption The reason why it does not absorb is 
not known.” 

The increase in the width of an absorption band when the pressure 
of the vapor itself is increased has been studied by S D Cornell,®®® who 
found for the half-width and its increase per atmosphere the values 0 57 =*= 
0.06 cm"* and 013 cm'*/atm for A = 094/i, and 040 =*= 004 cm"* and 
0.29 cm"*/atm for A = 1 1 35 /i 

OH radicals are formed and excited when an electric discharge is passed 
through water-vapor; the excitation so produced gives the radical a rela- 
tively excessive amount of rotation, as is shown by its emission spectrum , 
its absorption spectrum shows only normal rotation ®®® These excited radi- 

Table 64. — Analyses of the Absorption Vibration Spectrum 
of Water-vapor 

The most recent formulas for the computation of the normal frequencies 
of the water-vapor molecule are those derived by L G Bonner ®®® from 
the positions found by R Mecke®** for the band centers He included 
terms in the fourth power of the distances and found = 3796 0 — 39 Sv^ — 
53 05i^, — 10 50z% tar = 3674 8 — 53 OSvg — 70 2r'jr — 9 45vb, tag = 1615 — 
10.50^, — 945vr — 19 5va 

The first close approximation to them uas obtained by R Mecke 
(Table 65) , and a closer one by M Magat.®“® who obtained o>, = 3795 — 
40rv — SOt', — lOt'j. € 11 , = 3670 — SOtv — 71 tv — lOt'j, mj = 1615 — lOr,— 
lOiv “■ 19.5 t'8, in Inch formulas he still consulers the best®®” 

Here the n’s determine the harmonic, it, w, 8 indicate the types of 
vibration of the triangular molecule, <t is the “symmetrical” vibration, in 
which the O-atom oscillates along a line perpendicular to that joining the 
two H-atoms, w is the "antisjmmetrical” vibration, in which the O-atom 
oscillates along a line almost parallel to that j’oining the tw’o H-atoms, and 
8 is the "scissors” vibration, in which the H-atoms alternately approach and 
recede from one another In ever}’ case, the other atoms oscillate m such 

•“Frojt. A A, nnd OWenherg. O, J Chcm’l rhys . 4, 642 648 (1916) 

Kontlratjew, V , and Ziskin, M , Acta Physiochtm URSS, 6, 307 319 (1917) 

Schaefer, C, and Matoasi, F, "Das tiltrarole Spelclrom," 1930 
“• Price, W' C, y Chem'l Phvs . 4, 147-153 (1916) 

"T Rathenau. G , Z Phynk. «7, 32-56 (1933). 

“Kuhne, J, Z Pkyjtk, 14, 722-731 (1933) 

••Randall, H M,7 Opt Sac Amcr . T, 45-57 (1923) 

•« Liitgeineier. F. Z Pkysik, Jt, 251-263 (1926) 

•"Kramera, H A , and Ittmann, G P, Idem, 53. 553-565 (1929), 58, 217-231 (1929), 60, 663- 
681 (1930) 

•"Dennison, D M , Ret Mad Pkyj , 3, 280-345 (1931) 

•"MuUiken, R S, Pkyt Rtv (2). 40, 55-62 (1932), J Ckem’l Pkyt , 1, 492-503 (1933) 

•“Van Vleck, J H , and Cross, PC,/ Ckem'l Pkyt, 1, 357-361 (1933) 

•" BonhoefFer. K F, and Haber, F, Z pkynk Ckem (A), 137, 263-288 (1928) 

•“Jnsti, E, Fortck Gtbutt /ngcnienrw, 2, 117-124 (1931). 

•"Basn, K. Irndtaa Pkynca-Matk J, 4, 21-27 (1933), 6, 55-64 (1935) 

•“ Bosaehieler, C . and Errera, J , J de Phys (7), 8, 229-232 (1937) 
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Table 64. — (Contintted) 

a manner that the center of inertia of the molecule is unaffected by the 
oscillations. 

The resulting wave number is given by the formula 

Vo = VgOig + 

The values of the w’s assigned to each of the several band-centers, and 
the corresponding computed values for ro. are tabulated below. 

Unit of Vj— 1 cm"*, of X — 1 10"* cm 


Bonner MagAt Mecke Magat* 


9 

W 

a ' 

Ohs 


Computed 


9 

w 

a 





600* 




0 

0 

1 

16 7 

0 

0 

1 

1595 5 

1595 5‘ 

1595.5 

1595 

0 

1 

0 

6 30 

0 

0 

2 

3152 0 

3152 0« 

3151 

3150 

0 

2 

0 

3.17 




3500* 




1 

0 

0 

2 86 

0 

1 

0 

(3600) 

3604 6 






2 78 

1 

0 

0 

3756 5 

3756 5* 

3755 

3756 

0 

2 

1 

2 66 

1 

0 

1 

5332 3 

53310 

5330 5 

5331 

1 

0 

3 

1 88 

1 

1 

0 

7253 0 

7255 0 

7254 

7247 

1 

2 

1 

1.38 

1 

1 

1 

8807 05 

8810 6 

8809 5 

8802 

2 

0 

3 

1 14 

1 

2 

0 

10613 12 

10613.1' 

10612 

10598 




0 94 

3 

0 

0 

11032 36 

11032 5' 

11025 

11034 




0 91 

1 

2 

1 

12151.22 

12149 8 

12147 

12133 




0 82 

3 

0 

1 

12565.01 

12565 0' 

12560 5 

12569 




0 80 

1 

3 

0 

13830 92 

13830 8' 

13826 

13809 




0 72 

3 

1 

0 

14318 77 

14318 8' 

14324 

14307 




0 70 

1 

3 

1 

15347 91 

15348 6 

15340 5 

1532.4 




0 65 

3 

1 

1 

15832 47 

15832 4' 

15839 

15822 




063 

1 

3 

2 

16821 61 

16827 4 

16817 

16799 




060 

1 

4 

0 

16899 01 

16908 1 

16892 

16880 




0 59 

3 

2 

0 

17495 48 

17464 7 

17493 

1744'! 




0 57 


• An alternative interpretation proposed by M Magat *■ to include the Kaman 
bands , he states that it accounts for the observed spectrum as well as does Mecke’s 
interpretation given in the first column 

* Raman band 

•Used in computing the constants 


•« Buskovitch, A V, Phys Rev (2), 45, 545-549 (1934) 

•“Wei*el, W, Z Pkynk, U, 214-217 fl914) 

■» Bartholome, E. Z Elektrock . 42, 341-159 tl936) 

■“Hsu. J H , Chinese J Phys, 1, No 3, 59-67 (1915) 

■“Randall, H M, Dennison, D M, Ginsbura, N, and Weber, L R, Phys Rev (2), 52, 160- 
174 (1937) -♦ Idem, 50, 397 (A) (1936) 

»* wnaon, E B , Jr , / Chem'l Phys , 4, 526-528 (1936) 

•“Eliaievic, M, Compt rend Acad Set URSS, AT 1 1934s, 540-541 (1934), 1934a, 250-252 
(1934) 

Barnes, R B , Benedict, W S , and Lewis, C M , Phys Rev (2), 47, 918-921 (1935) 

■•• Kondratjev, V N, and Eropkin, D I, Compt rend Acad Set URSS, 1934i, 170-172-175 
(1934) 
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Table 65. — Molecular Constants Involved in the Vibration 
Spectrum of Water-vapor 

VO = Vgu>„ + + vias; atg = 3795 — 39(Vg + Vt)* «>t = 3670 — 70 

(Vg + Vr), «)j = 1615 — 20(Vg -f- Vg -h va). The moments of inertia are 
fai 7 b. /c. related to the tabulated quantities, A, B, C, respectively, by 
means of the equations 7 a = h/in^cA = (27.658/^) 10"*® g’cm*, etc., 
h being taken as 6 547 X 10"*^ erg sec, and c as 2 99796 10^°cm/sec; 
10 <®/a = 0 996 + 0 045», + 0.026w, - 0 098w«, 10 <®/b = 1.908 + 0.014v, + 
0.033®, - 0 034®«, 10«»7o = 2 981 +0047®, + 0 062 (®, + ®») gem® ; A = 
7o — (/a + /b) : I* = Z HOH, r = distance HH, H and O being the 
points occupied by the atoms H and O in the triangular water molecule; 
Vg, ®r, Va are quantum numbers 


Unit of XMl>t*10tA*10^efn: of 1 wave/cm, of A* B, and 
C— Icm”*: of cm, of lO"* g cm* 


X 

V9 Vt V6 

ntobs ) 

A 

a 

C 

a 

r 

A 


0 0 

0 

0 

27 81« 

14.S0» 

9.28« 

105“ 6' 

0 970 

0 077 

6.296 

0 0 

1 

1595 4 

30.70 

14 70 

912 

107“ 30' 

0 984 

0.29 

3.168 

0 0 

2 

3152 

35 8 

15 0 

90 

iirio' 

0 984 

0 46 

2.663 

1 

0 

0 

3756 35 

26 50 

14.47 

9 20 

103“ 45' 

0.975 

0 06 

1.875 

1 

0 

1 

5332 3 

29 0 

14 6 

88 

106“ 30' 

0 995 

0 30 

1379 

1 

1 

0 

7253 

261 

14 3 

89 

103“ 40' 

0 992 

0 08 

1 135 

1 

1 

1 

8807.0 

28 60 

14 7 

8 71 

105“ 30' 

I 002 

0 33 

0.9420 

1 

2 

0 

10613 25 

25 25 

13 89 

8 75 

103“ 40' 

0 998 

0 075 

09060 

3 0 

0 

11032 33 

24 45 

14 18 

8.87 

102* 5' 

0 991 

0 032 

0.8227 

1 

2 

1 

12151 23 

27 84 

14.17 

8 66 

105*40' 

1 001 

0 248 

0.7957 

3 0 

1 

12565 01 

26 75 

1441 

8 74 

104’ 10' 

0 997 

0 212 

0 7227 

1 

3 

0 

13830 91 

24.70 

13.71 

8.61 

103“ 20' 

1 005 

0.075 

0.6994 

3 

1 

0 

14318 73 

24 04 

13 95 

8 69 

102“ 25' 

I 004 

0 050 

0.6524 

1 

3 

1 

15347 90 

27 15 

13 97 

8 52 

105“ 25' 

1 012 

0 247 

0 6324 

3 

1 

1 

15832 47 

(26 5) 

(14.20) 

(8.58) 

104*20' 

1 013 

(0 26) 

0 5952 

1 

3 

2 

16821.62 

2928 

1403 

8 34 

107“ 25' 

1 023 

0400 

0 5924 

1 

4 

0 

16898 81 

25 02 

13 60 

8.50 

103“ 55' 

1 014 

0 115 

0 5722 

3 

2 

0 

17495.44 

23 72 

13 84 

8 32 

102“ 0' 

1 026 

0.160 


1 

vt 


0 

1 


] 



2 


v» 

f # t'* t’d 

a 

lOOA 

V4 %w V9 

O 

lODA 

Vw Vw V» 

a 


0 

0 0 0 

105* 6' 

7 7 

0 0 1 

107*30' 

29 

0 0 2 

111*10' 

46 

1 

1 0 0 

103“ 45' 

6 

10 1 

106*30' 

30 




1 

1 1 0 

103“ 40' 

8 

111 

105“ 30' 

33 




1 

I 2 0 

103*40' 

75 

12 1 

105*40' 

25 




1 

1 3 0 

103“ 20' 

75 

13 1 

105*25’ 

25 

13 2 

107“ 25’ 

40 

1 

1 4 0 

103“ 55' 

11.5 







3 

3 0 0 

102“ 5' 

32 

3 0 1 

104“ 10' 

21 




3 

3 1 0 

102*25' 

5.0 

3 1 1 

104“ 20' 

26 




3 

3 2 0 

102“ 0' 

16 0 




i 




* In their extended analysis (see p. 1491, Randall and his associates used the iol- 
lowiiiR for the (0.0,0) values of A, B. and C 27 8055, 14 499724, and 9 279276, respec- 
tively, these small changes from Mecke’s values being made for the purpose of 
facilitating the computations. 
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Table 66. — Fine-structure of Absorption Bands of Water-vapor: 

Sources of Data 

This table indicates the range in wave-length covered by the observa- 
tions, the wave-lengths (A.) of the centers of the bands falling within that 
range, and where a report of the observations may be found. H. M. Ran- 
dall *** has reviewed the earlier data 


Unit of X-ilM-10000A-10-<cm 


Range: 

Xi to Xa 

Bands 

X 

Ref.« 

170 

38 


B 

135 

60 


WrR 

75 

18 


R 

24 9 

10.13 


WR 

7.7 

4.8 

6.26 

SP 

7.6 

4.8 

6.26 

vB 

70 

5.4 

6 26 

P1S,M 

38 

3.0 

3 15 

Ba 

3.3 

2.8 

3 15 

PIS, SP, M 

28 

2.5 

2.67 

PIS, S, M 

2 65 

1.35 

1 37, 1 87, 2 67 

Dr 

19 

1 8 

1 87 

PIS, SP, M, PI 

1.42 

1 35 

137 

SP, M, PI 

1.15 

1 11 

1.13 

LH, M 

0 96 

0.93 

0 942 

BM, Br, LH, H 

0.92 

0 89 

0 906 

LH 

0.92 

0 78 

0 906,0 823,0 796 

BM 

0.73 

0 71 

0.723 

BM 

0.71 

0 69 

0 699 

FM 

0.66 

064 

0 652, 0 632 

FM 

0.63 

0 56 

0 595, 0 592, 0.572 

FM 

018 

015 

Ra, Pr 

0.14 

0 098 


Ra, Pr 

• References 



B 

Barnes, R 
(193S ) 
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Rev (2). 47, 918-921 
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, Verh d physik Get. 1$, 731-737 (1913) 
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11 , Pkyj Rev (2), 35, 296-304 (1930) 
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Breisch, T 

, Z Phyttk, 30, 200-216 (1924) 


FM 

freudenberg, K, and Mccke, R» Idem, 81^ 465'481 (1933) 


H 

Hsu. J H 

, Chtneee J Phys, 1, No 3, 59-67 (1935) 


LH 

I ueg, P , 1 

ind Hedfeld, K , Z Phystk. 75, 512 520 (1932). 


M 

Mecke, R , 

Idem. 51, 313-331 (1933) 


PI 
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K , Phys Rev (2), 39, 77-52 (1932) 


T’tS 

Plyler, E. 

K, and Sleator, W W, Idem, 37, 1493-1507 (1931) 

Pr 

Price. W 

C, J Chem'l Phys, 4, 147-153 (1936) 


R 

Randall, H M , l^nnison, P M , Gmshiirg, N , and Weber, L R,, Phys Rev 
(2). 82, 1C0>174 (1937) 

Ra 

Kdthenau, 

(1 , Z Physik, 57, 32 56 (1911) 


s 

Sleator, W 

W . Astrophys J , 45, 125 1 43 (1915) 


SP 

Sleator, W 

W, and Phelps, E K, Idem, 62, 28-48 (1925) 

WR 
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Table 67. — Some Rotation Terns in the Infrared Spectmm of Water-TOpor 

Mecke and associates (For other bands see references given m the text ) 

ifl the wave-length corresponding to tf9~ v» = 0 (see Table 6$) 
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cali last for at least 1 /8 second after the discharge ceases.*®^ The absorp- 
tion siJcctruni shows tliat these radicals arc present also in the combustion 
zone of Hs burning in O 2 (pressure 3 to 25 inni-Hg, furnace 470 to 
550 °C), and m amount about 1000 times that corresponding to equi- 
librium.®*® 

For a general discussion of the infrared spectra and for typical data 
obtained prior to 1930, see C Schaefer and F. Matossi.®*® 

In the far ultraviolet, water-vapor exhibits a continuous absorption from 
1785 to 1550A, below 1550A there are several senes of bands: one of 
doublets, Av = 170 cm'^, beginning at X = 1240A and accompanied by 
another displaced from it tow-ard shorter wave-lengths by about Ak = 3170 
cm"^; another at 1220A accompanied by a weaker one displaced toward 
shorter A’s by Av = 3240 cm'* ; a third at 1091A , and a fourth at 1078A 
These have been reported and analyzed by W. C Price The range 1700 
to 957A had previously been studied by G Rathenau,*®* but with a smaller 
dispersion. 

The ultraviolet portion of the spectrum is regarded as arising from 
changes in the electron configuration of the molecule, the near infrared 
bands, from the oscillations of the constituent atoms about their positions 
of equilibrium m the molecule , and the fine-structure of those bands, from 
rotations of the molecule as a whole, the effect of the rotation being super- 
posed upon that arising from the oscillations of the atoms. In the far 
infrared arc lines arising from the rotation alone They are narrow when 
tlie pure vapor is at a low pressure, but broaden as the pressure is increased 
by the admission of air, owing to the impact of the molecules of air upon 
those of the vapor As the HjO molecule is triangular (see Section 9, 
Models) there are three principal axes of rotation, but only two of them 
seem to lie spectroscopically effective. 

An early report on the fine-structure of liands was published by H M 
Randall®’" Tlie detailed analysis of the water-vapor spectrum rests upon 
the theoretical work of F Lutgcmcicr *■*” and of H A. Kramers and G P 
Ittmann *** D. M Dennison has reviewed the general subject ; R S 
Mulliken •''^® has studied and published the electronic configurations of the 
HaO molecule . and in addition to those mentioned elsewhere, J. H. Van 
Vleck and P C. Cross *** have calculated from spectral data certain con- 
stants of the HoO molecule. Certain relations connecting spectroscopic 
and thermal data have been considered by K. F. Bonhoeffer and F. Haber ,®®® 
E Justi,**® and others Their conclusions will be found in the sections 
devoted to the appropriate thermal data In addition to those referred 
to elsewhere in this section, K. Basu,®^® G Bosschieter and J Errera,®** 

■wpiyler, E K , and SIrator, W’ W. Ph\s Rn (!), Sf, 1493-1507 CIMD. 

H . SiU preutt Akad H i« 113 S49 (1913) 

■**Sleator, W. W, and Phelps, E R, Astroph^s J , 12, 28-48 (1925). 

•“ Bonner. L. G , Pkys Rev (2). 48, 458-464 (1934) 

•« Mecke, R , Z Phystk, 81, 313-331 (1933) 

•■Mairat. M., CompI rend, W, 1216-1220 (1933). 

"• Magat, U , Compt. rend , 196, 19S1-19S3 (1933). 
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A. V. Buskovitch,®*® and W. Weizel have considered the interpretation 
of the spectrum of water-vapor. 

The vibration of polyatomic molecules is the subject of a review by 
E. Bartholom^.®®^ 

1. Band at A = 094/a The fine-structure of this band at 0.94 /a has 
been studied by F. S Brackett (see Tables 62 and 66) and by J. H. Hsu.®®® 

2. Region of A = 18 to 75 The region 18 to 75 /a has been studied and 
analyzed with great care by H. M. Randall and his associates ®®® They find 
that the rotational stretching and deformation of the molecule may corre- 
spond to a change of over 200 cm*^ m the position of a line They have 
determined the amount of this correction and have obtained good agreement 
between observed and computed A’s up to quantum number ; = 12 For 
/ = 11 the vertex angle of the molecule is 98° 52', and the O-H distance 
IS 09640A, whereas the static values are 104° 36' and 0.9558A They 
have concluded that for components displaced much above 5 cnr* no first 
order correction for stretching, such as that proposed by E B. Wil- 
son, Jr.,®®* can be satisfactory. They give extended tables of energy levels 
A partial analysis of earlier data has been attempted by M. Eliasevic ®®® 

3 Region of 38 to 170 /i The absorption of atmospheric water-vapot 
has been mapped from 38 to 170 ft and analyzed by R. B Barnes, W. S 
Benedict, and C. M Lewis ®®®'' The analysis was based on Mecke’s values 
of the constants (Tables 64 and 65) and was carried, but very incom- 
pletely, to ; = 11 They concluded that the pure rotation spectrum of 
water-vapor is m complete agreement with the analysis. 

Emission Spectrum. 

The emission spectrum of water-vajxir extends from the far infrared 
to the extreme ultraviolet, and consists of miinerous bands, each containing 
many lines Whether excited in the flame or by an electrical discharge, 
it is always accompanied by lines of hydrogen and of oxygen. 

The ultraviolet bands have liecn studied m much detail T. ITeur- 
hnger ®«* found that most of the line of the .3064A band can be arranged 
m 12 branches forming what he called a band with doublet series ; W W 
Watson®®® found that the 2811 A band is of the same type, and concluded 
that both bands arise from the OH-molecule, formed in the flame and in 
the electric discharge L Grebe and O Holtz ®«» had previously suggested 
OH as the source of 3064 For details of the analyses of the bands, see 
E. C Kemble,®®^ D Jack,®*® and especially R. S Mulliken,'®® in addition 
to the authors cited in Table 68 R T Birge ®^® has given certain con- 

*“ Huerlinger, T. Oii* Lund, 1918 

“Watson, W W, Asirofins J , fO, 14S-1S8 (1924) 

“Grebe. X. . and Hollz. O, Ann J f'hysti (4), 39, 1243-1250 (1912) 

«n Kemble, E C’ . Fhys Kev (!), 30, 387-399 (1927) 

“Jack, D. Proc Roy Soe (London) (A), 120, 222-214 (1928) 

»• Mulliken, R S , Pkys Rev (2), 32, 388-416 (1928) 

“Birge, R- T, Int Crtt Tahlee, S, 415 (1929) 
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Table 68. — Bands in the Emission Spectrum of Water-vapor 

The emission spectrum of water-vapor extends beyond the limits cov- 
ered by this table F. Paschen observed three bands of A > 8.2 /i, but 
was unable to determine their wave-lengths, and J J Hopfield*''® stated 
that the spectrum extends in the ultraviolet to about 900A = 0 09 /*. Each 
band contains many lines , each value of A here given is that corresponding 
approximately to a maximum of emission, and serves to identify the band. 
In the infrared, the positions of the maxima are not exactly known, as the 
several determinations were made over 40 years ago, and differ among 
themselves 

A = wave-length, v = 1/A = wave-number, Bd = band designation in 
the i>aper first mentioned in the last column With the exception of P 
and PWl, each of the cited papers includes a study of the fine-structure 
of the indicated band 


Unit of X — lp*10*A“10-* cm, of***! cm-i 


X 

W 

Bd 

Ref* 

82 

1220 


P 

66 

1510 


P 

56 

1780 


P 

53 

1880 


P 

28 

3570 


P 

2.7 

3700 


N 

1.8 

5560 


P, N 

1 4 

7140 


P 

0.3564* 

28060 


RWI 

0.3484 

28700 

1,2 

JDW 

0 3428 

29170 

0, 1 

TDW. Ja 

0 3328 

30050 


RWI 

0.3185 

31300 

2. 2 

DJ 

0 3122 

32030 

1, 1 

DJ, Ja 

0 3064* 

32640 

0,0 

DJ, Di, GH, 

0 3021 

33100 


Wn 

0 2875 

34780 

2. 1 

DJ. Ja 

0 2811 

35570 

1,0 

DJ, Wn, Ja 

0 2676 

37370 

3, 1 

CC 

0 2608 

38340 


Ja 

0 2447 

40870 

3.0 

CC 


‘ References 

tr Oi inihrrtam K, and Cutter, H B, Phys Rev (!), 44, 927 930 (1933) 

Dawson, D H, and Johnston, H L, Idem, 43, 980 991 (1933) 

Dieke, G H, Prac K Akad H et Amtt . 28, 174-181 (192 5), Nature, 115, 194 
(1925) 

Grebe, L , and Holtz, O , Ann d Physik (4), 39, 1243-1250 (1912) 
lack, D, Proc Roy Soe (London) (A), 115, 373-390 (1927), Idem, 118, 647- 
654 (1928) 

JDW Johnston, H L, Dawson, D H. and Walker, M K, Phys Rev (2), 43, 473-480 
(1933) 

Neunhoeffer, M, Ann d Phynk (5). 2, 334-349 (1929), Idem, 4, 352-356 (1930) 
Paschen, F , Idem. (Hied), 50, 409-443 (1893), Idem. 51, 1-39 (1894), Idem, 52, 
209-237 (1894), Idem, S3, 334-336 (1894) 

Rodebush, W' H, and Wahl, M H. / Chem'l Phye , 1, 696-702 (1933); J Am 
Chem Soe, 55, 1742 (L) (1933) 

Watson, W W , Aitrofhyi J , <0, 145-158 (1924) 


DJ 

Di 

GH 

Ja 


N 

P 

RWI 

Wn 


* Degraded toward the red. 

* The band at 3064A seems to be associated with the formation of chemically “active 
gas" by the discharge."* 
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slants of the OH-moIecule, derived from spectral data. W. H Rodebush 
and M. H. Wahl think that the bands at 3564A and 3328A arise from 
ionized OH. 

The infrared emission bands have been studied mainly by Paschen. He 
found that the position of the maximum of a band shifts, and the intensity 
increases, as the temperature of the vapor is increased. The direction of 
the shift depends upon the band. He concluded that the emission probably 
obeys Kirchhoff’s law He gives the following examples of the shift 
with temperature*^*. X = 2831, 2.812, 2.717, and 2 661 u, correspond- 
ing respectively to the temperatures 1460, 1000, 500, and 100 °C ; X = 
5.322, S 377, 5.416, 5 607, 5 900, and 5 948 /t, corresponding respectively 
to the temperature of the oxy-hydrogen flame, 1470, 1000, 600, 100, 
and 17 °C , X = 6 620, 6 597, 6 563, 6 527, and 6 512 /n, for 1470, 1000, 600, 
100, and 17 °C. For the 2 8 /i, and the 6.6 /t. bands the maximum shifts to 
longer wave-lengths as the temperature increases , for the 5 3 fi band the 
shift IS in the opposite direction. E v. Bahr regarded the 6.6 and 
5 3 ;j. bands as components of a double band, the separation varying with 
the absolute temperature (T) m such a manner that (I'j — vi) is propor- 
tional to y/T~, and showed that Paschen’s observations satisfied that relation, 
VI and V 2 being 1/Xi and I/X 2 , respectively. 

Over the range 6 254^ to 5.780/*, and again at 5 188/*, the emission 
IS very weak, but it is strong at 5 636 /*, which lies between them 

For a discussion of the occurrence of the OH radical in flames and in 
vapor through which a discharge has passed, see V Kondratjew and 
M Ziskin,*^® T Kitagawa,*^^ O Oldenberg,*®* and A A Frost and 
O Oldenberg.®** 

A review of our knowledge of the vibrations of polyatomic molecules 
has been published by E Bartholorae *** 

22. Dib-lectric Constant of Water-vapor 

P Debye ***’ has shown that the dielectric constant of a gas composed 
of molecules that contain both permanent electrical dipoles and elastically 
bound electrons will satisfy relation (1) 

(7^)7 

•nRodeburii, W H . and Wahl, M H, 7 Am Cham Soc . 55, 1742 (L) (1933), J Chtm'l 
Phys. 1, 696-702 (1933) 

•"Paachen, F, Ann d Physik (Wttd ), 51, 1-39, 40-46 (1894). See also Section 18 
•"Paschen, F, Idem, 51, 1-39 (1894), 53, 334-336 (1894) 

••‘v Bahr, E, Vtrh dent phynk Gee, 15, 731-737 (1913) 

•"Paschen, F, Ann d Phynk (Wwd ), 52, 209-237 (1894) 

•"Kondratjew, V , and Ziskin, H , Acta Pkyncocktm URSS. 6 , 307-319 (1937), 7, 65-74 (1937) 
•"Kitagawa, T, Proc Imp* Acad Japan* 12, 281-284 (1936) 

•"Paschen, F, Ann. d. Phynk (Wttd), SO, 409-443 (1893) 

•" Hopfield, J J , Nature, 110, 732-733 (1922). 

"" Urer, H. C., and Laein, G I., /. Am Cham Soc , 51, 3290-3293 (1929) 
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where c = dielectric constant, p = density, T = absolute temperature, and 
a and b are positive constants characteristic of the gas. There are various 
reasons for believing that the molecules of water- vapor are of that kind. 
(See Section 9, Dtpole moment.) 

Table 69. — Dielectric Constant of Water-vapor 

(See also Figure 2) 

For comments and references to original publications, see text. Debye’s 
equation requires (« — l)T/p = 3{aT -f b), approximately, a and b being 
positive constants characteristic of the gas or vapor. The best set of deter- 
minations is that of Stranathan, giving 36 = 3449 23, 3o = 0.671 ^ 

0.06S 

The investigator is indicated by his initial : B = Badeker, J = Jona, 
SS = Sanger and Steiger, Z = Zahn. 


Unit of «« 1 cgM. of p— 1 g/cm*. of ^ — 1 mm-Hg, temp ■.|®C 


Stranathan. Computed from la -- 0 671, 3b = 3449 


I 20 

(t-l)r/1000p 3 65 


50 80 too 125 150 180 200 

3 67 3 69 3 70 3 72 3.73 3 74 3 77 


t 

10»(.-1) 

(.-i)r 

lOOOp 

120 

SS, p m 

400.2 

0 0004181 

3 76. 

150 

371 7 

3.76. 

180 

348 8 

3 77. 

210 

328.7 

3.79, 

117.3 

J.p 

612 

• 7A0 

4.20 

124 4 

584 

4 16 

128 9 

575 

4 19 

142 0 

530 

4 12 

150 7 

511 

4 15 

163 1 

489 

421 

178.3 

462 

4 27 


t 

10,(,-l) 

(«-i)r 

lOOOp 


1 Z. 20 (extrttpoUted) 

23.3 

25 

3.8. 

29.6 

23 

3.6. 

39 6 

19 

3 2, 

107.9 

15 

3 7, 

165 0 

12 

3 9, 


B. »a760 

140.0 

765 

5.90 

142 2 

767 

5 98 

143 2 

736 

5 76 

1 145 8 

694 

5 50 

148 6 

648 

5 21 


(* "h 2) IS essentially equal to 3, and p is very nearly projxirtional 
to the pressure when T is invariable, relation (1) requires that (e — 1) 
shall, for T constant, be essentially proportional to the pressure. Such 
proportionality for gases throughout the range 0 to 800 mm-Hg has been 
found by K Wolf,»«‘ using frequencies of 1 to 10 megacycles per second ; 
but it could lie tested for water-vapor only over a much shorter range in 
pressure, owing to difficulty in maintaining the insulation But very 
recently, J, D Stranathan®"* has repiorted that he has found such propor- 
tionality to hold for water-vapor "to very near saturation,” departures near 
saturation being due m many cases, perhaps in all, to the electrostatic polar- 
ization of the moisture adsorbed on the solid insulation, and not to leak^e. 
From observations at 14 temperatures, ranging from 21.3 to l'97.9‘>C, he 


••Debye. P, Phyjtk 7 . 13, 97-100, 29S (1912) 

•" Wolf, K , Ann d Pkyak (4). 83^ 884-902 (1927) 
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found for the coefficients of equation (1) the values: a - 0.2237 ^ 0.0217, 
b = 1149.6 =*=7.8 These arc the best detei nnnations now available. 



Figure 2 Variation of the Dielectric Constant of Water-vapor with the 
Temperature and Density 

Line II, dcterniiuetl liy Stran*ithnnV equation isnt 'table 69), is probably the beet available rep- 
resentation of the variation of (e — DT/p with T Line I closely represents the data obtained by 
Sanger and Steiger, its equation is (« — 1)77^ " 3576 + 0 4487* The three points (triangles) on 
line II were computed by means of StranathanS equation, all other specially marked points repre- 
sent experimental values B idckcr's data are totally at v inance with the others References are 
given in the text e ~ dielectric constant (cgse), pg/cm*- density, 7* *K ~ absolute temperature 


The best previous data for the dielectric constant of water-vapor were 
those of R Sanger and O Steiger,®*® republished by Sanger,®®* and by 
R. Sanger, O Steiger, and K. Gachter.®*® 

•“ Stranathan. J D, Phyt Rev (2), 41 . 538 549 (1935) -> 47 , 794 (A) (1935), exteudinB 45 , 
741 (A) (1934) 

••• Sanger, R, and Steiger, O, Helv Pkys Acta, 1, 369-384 (1928), 

■H Sanger, R, Phyitk Z, 31, 306-315 (1930). 

Singer, R , Steiger, O., end GiehteT, K., Helv Phyi Acta, 5, 200-210 (1932) 




154 PROPERTIES OF ORDINARY WATER-SUBSTANCE 

Of the earlier determinations, those of C T Zahn,®*® were the best, and 
his results were used by H. L Curtis in deriving the formula given in luter- 
national Critical Tables^^’’ for the variation of c with the temperature and the 
pressure They are not inconsistent with those of Stranathan and of Sanger 
and Steiger, but are of such a low order of accuracy that the formula 
derived from them is quite erroneous The abnormally rapid increase 
observed by Zahn in the apparent dielectric constant with the vapor-pressure 
when the pressure exceeded about a quarter of that for saturation, is prob- 
ably not due to adsorption, as he supposed, but is more likely due to a failure 
in the insulation ***“ The determinations of M Jona ®*® are merely relative, 
the values of (e — 1) being admittedly in error by an unknown factor. 
Those of K Badeker,®®® which are frequently quoted, seem to be seriously 
in error, as they impose a negative value upon the essentially positive coeffi- 
cient a of equation (1), and are in other ways out of harmony with the 
results obtained by others 

All these sets of data are given in Table 69 and are displayed m Figure 2 
The data available in 1926 have been discussed by O. Bluh,®*‘ who gives 
a bibliography of 172 entries. 

23 Dielectric Strength of Water-vapor 

Water-vapor is a perfect insulatoi* unless the strength of the applied 
electric field exceeds a certain critical value (£*) characteristic of the 
pressure (/>) and the temperature But near the region of saturation, con- 
densation on solid insulators may destroy their insulating properties, and 
this phenomenon may be erroneously interpreted as an indication that the 
vapor Itself is conducting in that region 

The quantity Ec has been called the electrical strength, the clektrische 
Fcstigkeil, and the cohesion diclecfriquc.^°- It differs from the sparking 
potential, in that the latter involves a term depending upon the electrodes, 
and is a function of the configuration of the spark-gap 

From observations in the range /> = 0 05 to 5 4 mm-Hg, E Bouty®*® 
concluded that, at 22 °C, Ec = 333 -1- 500/> -t- 0 106/^® volt/cm, the unit 
of p being 1 mm-Hg. This requires £» to pass through a minimum (345 
volt/cm) at /> = 0 16 mm-Hg 

The over-all voltage {Vt) at which a current begins to pass between a 
given pair of electrodes, though obviously related to Ec, is not derivable 

^The conductivity arising from the action of radiations of various kinds is ignored 
in this section, it is relatively low in most cases 
■•Zahn, C T, Phys Rev (2), V, 329-340 (1926) 

•■ Curtis, H L., /Ml CrK Tahiti, t, 78 (1929) 

•■WoK. S.. Phynk Z, 27, 588-591, 830 (1926); ^nn d Phyitk (4), 83, 884-902 (1927) See 
however, Stranathan •■ 

•■Jona, M, Pkynk Z, 20, 14-21 (1919) 

•■Bhdeker, K, Z pkynk Ckem . 38, 305-335 (1901). 

•■Bluh, o. Pkynk Z. 21, 226-267 (1926). 

•■Bouty, E., Comilt roml, 131, 443-447, 469-471 (1900). 

■• Bouty, £., Idem. 131, 503-505 (1900) 
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from it, and may differ from the sparking potential. It has been studied 
recently by E. Weichelt and by S. Franck Using as electrodes brass 
spheres 4 cm in diameter, placed with their supporting rods and the gap 
along the axis of a cylindrical metal cage 12 cm in diameter, Weichelt found 
the ratio of V j for water-vapor to that for air, for the same gap and at the 
same temperature and pressure to be 1 166 Tl'e gaps ranged from 0 5 to 3 2 
cm, and temperatures from 115 to 160°C, the pressure was always 1 atm 
The uncertainty of the individual measurements was about 2 5 per cent. 
For a given pressure, Vi for air, and hence for water-vapor, varies inversely 
as the absolute temperature. 


Table 70. — Voltage Difference at which Current Begins to Flow 
Through Water-vapor®** 

See text for definitions and details. 


Unit of kilovolt, of gap « 1 cm 


I Comparison with air. Point and Plate" 


Gap-^ 10 2.S SO 7.S 10 

Gas . (F+/F-). . 

Vapor 1 100 1 057 1 0S7 1 014 I.OIS 

Air 1084 1 061 1 130 1127 1.138 


II Vapor Values read from graphs 

, . . Point and Plate 


Gap 

1 

2 

4 

6 

8 

(V*). 

46 

49 

,52 

54 

56 

(V_). 

42 

46 

50 

53 

55 


/ " 

— — Plates 



Spheres^ 

Gap 

0 66 

1.33 

20 

05 

1 0 

Vi 

18 8 

33 9 

48 7 

141 

27 3 


• The subscript + means that the potential of the point 'S positive with reference 
to that of the plate 

* Diameters = S cm 


Franck, using a different type of apparatus and working at about 095 
atm and about 100 °C, found Vi for water- vapor to be about 8 per cent 
greater than for air, the electrodes being either plates, or balls 5 cm in 
diameter ; but if the gap is between a point and a plate, the ratio depends 
upon the length of the gap and upon whether the potential of the point is 
positive (V+) or negative (V.) with reference to that of the plate. If the 
gap exceeds about 3 cm, for water-vapor is greater than that for air if 
the point is negative, and less if the point is positive. See Table 70 

The sparking potential (V,) in water-vapor between clean spheres has 
been studied by I Strohhacker,®*® and that between a point and a plane by 

MWcichdt, E, Phys Z, 32, 182-183 (1931) 

■■Franck, S. Z Pfiys , 89, 409-417 (1931) 

M Strohhacker, I, Z Phynk, 27, 83-88 (1924) 
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S. Franck.*®® The first used spheres 2 cm in diameter and worked at room 
temperatures and pressures not exceeding 15 mm-Hg. When his observed 
values of V, are plotted against px, p mm-Hg being the pressure and x cm 
being the length of the spark-gap, a curve continuously concave to the axis 
of px is obtained for air. The same is true for water-vapor if px exceeds 
about 2 5, corresjxinding to V, = 700 volts approximately ; but between 
px = 2,5 and px = 1.5, V, changes very little, and as px is reduced below 
1,5, Vt decreases rapidly. The curve for the vapor cuts that for air near 
the point px = SS, V, = 890. 

Franck used a point made by sharpening a brass rod, 10 mm in diam- 
eter, to a cone witli a vertex angle of 12°, and worked at 99 °C and a 
pressure of 728 mm-Hg The opposing plate was earthed. The electrodes 
were illuminated with ultraviolet light When the point is negative, Y*-~ 
23x kilovolts for water-vapor, and 18 4x kilovolts for air, the potential for 
the vapor exceeding that for air by 25 per cent of the latter When the 
point is positive the curve connecting F.+ and x is concave toward the axis 
of X, and for a given x, V,t for the vapor exceeds that for air by about 
13 per cent of the latter As read from the curve he gives, the values for 
water- vapor are as follows. 

X 1 2 3 4 cm 

V,^. 14 25 34 40 kilovolts 

An alternating voltage of 50 cydes/scc gave for the vapor almost exactly 
the same curve as was obtained with the point positive 

24 Glow Discharge in Water-vapor 

(For the voltage and the field-strength at which conduction begins, 

see Section 23 ) 

Terms and S3rmboIs. 

Six distinct regions can be readily distinguished in the typical electrical 
discharge through a gas at low pressure and contained in a long tube with 
an electrotie at each end. They will be designated as follows, beginning 
at the cathode; 

1 Cathode glow. A thin layer of velvety glow closely adhering to the 
cathode 

2 Crookes dark space A nonluminous region which increases in 
length as the pressure is deci eased 

3 Negative column A luminous region which is often called the 
negative glow'. In this region and near the end that adjoins the Crookes 
dark space the electric field along the discharge becomes very weak, essen- 
tially zero as compared with the over-all voltage on the tube 

4. Faraday dark space 

5. Positive column. A luminous region, in many cases striated, 
extending from the Faraday dark space, and by the shortest path, to the 
anode. 



24. VAPOR. GLOW DISCHARGE 


JS7 


6. Anode glow A thin glow closely adhering to the anode. 

(a) If the distance between the etectiodes is progressively decreased, 
the pressure of the gas and the over-all voltage (V) on the tu^ remaining 
unchanged, the positive column suddenly vanishes when that distance has 
been reduced to a certain value (D), and at the same time V suddenly 
decreases by an amount AV which is generally equal to the ionization poten- 
tial of the gas. 

(b) If do is the distance from the cathode to the boundary between the 
Crookes dark space and* the negative column, do depends upon the pressure 
and F. If it exceeds a certain value (do)’ (about 0.7 mm in all cases), the 
application of a transverse magnetic field reduces it, but never below the 
value (do)’. 

(c) The distance (do) from the cathode to the point in the negative 
column at which the strength of the held becomes essentially zero is some- 
what greater than do, though the two distances are often confounded. 

(d) The excess (F.) of the potential at do above that at the cathode 
is known as the cathode drop in potential. It does not differ greatly from 
the over-all voltage (F). 


Table 71, — Vanishing of the Positive Column in Water-vapor 

Adapted from A. Gunther-Schulze with the correction of certain 
arithmetical errors. 

The increase in pD with p, when F = 415 volts and p exceeds 1.47 
mm-Hg, is attributed to the heating that occurs at those higher pressures. 

D mm = Distance between the electrodes when the column just van- 
ishes (§ a) ; p mm-Hg = pressure of the vapor; F volts = over-all differ- 
ence in the potentials of the electrodes 


p 

V- 

D 

415 volts 

pD 

10*D/V*' 

' V 

^-1 3( 

D 

) mm-HR — 
po 

lom/v* 

6 75 

4 10 

27 7 

2 38 

427 

114 

14 8 

6 25 

616 

4.27 

26 3 

12 48 

496 

14.1 

18 3 

5 74 

4 75 

4 83 

23 0 

2.80 

597 

21.7 

28 2 

6.09 

3 55 

5.00 

17.8 

290 

681 

31.2 

40.6 

6.74 

2 37 

700 

16 6 

4 06 

800 

40.8 

53.0 

6.37 

1 47 

9.40 

13 8 

5 46 



Mean 

6.24 

1 04 

14 6 

152 

8.98 





0 828 

15 2 

12 6 

883 





0 560 

25 2 

14 1 

14 63 






Mean of last 4 - 13 9 


Wherever m the remainder of this section it seems desirable to refer to 
one of the preceding paragraphs it will be done by writing in parentheses 
the number or letter designating the paragraph, preceded by the sign § ; 
thus (§ c) will refer to [laragraph (c) above 

■"Bonhoeffer, K F, and Pearson, T G,Z physxk Chem (B), 14» 1-8 (1931) 

Brewer. A K , and Kaeck, P I), Phys^t Chem, 38. 889-900. 105M059 (1934) 
‘"•Emel^ui, K G, and Lunt, R W , Tront Faraday Soc , 32. 1504-1512 (1936) (for Part II 
see Lunt). 
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Qualitative Relations. 

In the glow discharge, water- vapor is dissociated and gives reactions 
characteristic of, but more active tlian, atomic hydrogen, reducing metallic 
salts not reduced by the latter The belief of Urey and Lavin that the 
OH molecule is present has been confirmed It is present and excited, and 


Table 72. — Effect of a Magnetic Field upon the Crookes Dark Space 

in Water-vapor 

da = distance from the cathode to the farther end of the Crookes dark 
space (see §§ b and c) , p = pressure of the vapor; H = strength of the 
magnetic field transverse to the discharge. 


I"* 

H 

0 

Unit at P"*i niffl-Hs, of 1 

1 00 

1 mm« of 1 gauss 

300 

19 23 

7 41 

2 30 

0 81 

120 

3 77 

— 

— 

240 

2 51 

— 

— 

360 

1 55 

1 54 

0 61 

720 

0 80 

0 95 

0 62 

1200 

0.65 

0 60 

060 


Table 73. — Rate of Dissociation of Water-vapor in the 
Glow Discharge 

7 = curieiit, v = volume of uncondcnsablc gases produced per second 
(neither the pressure nor the temperature is stated) , x — distance between 
the electrodes, which were plates 3 cm in diameter, the tube being 6 cm in 
diametei and 17 cm long Observations were made at room temperature 
and a pressure of 075 mm-Hg. 

V is not linear in I Linder assumed that each IL m the gas corre- 
sixmds to the dissociation of one HjO There was a slight deficiency of O 2 , 
onl) 30 0 to 304 lol per cent being found 


1 

Unit of / * 1 ma *0 001 ampere, of 1 mm’ sec, of x* 1 cm 

10 19 30 43 7 75 

9 75 

10 

0 239 

0 159 

0 166 

0 150 

0 173 



1 5 

— 

— 

— 

— 

— 

0 239 

20 

— 

— 

— 

— 

— 

0 343 

30 

0 465 

0 531 

0 520 

0 510 

0 531 

0 571 

50 

0 717 

0 822 

0 916 

0 862 

0 929 

0 909 

10 0 

1 430 

1.725 

1 900 

1 860 

(2 020 
|1 925 

2 230 

15 0 

2 58. 

2 88 

3 03 

2 98 


3 34 

170 

— 

— 

— 

— 

3 61 

— 

200 

3 42 

3 93, 

4.14 

4 15 

— 

(4 64 
)4 36 

25.0 

4 42 

4 77 

4.87 

500 

— 

(5 97 
(571 

26.0 

— 



— 

— . 

5.53 

1 W t A 

28 0 

— 

— 

— 

5 62 

— 

— 
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possesses an excessive amount of rotation *** It can be detected spectro- 
scopically for at least 1/8 second after the discharge stops , but the 
unexcited OH molecule has a very short life, of the order of 0001 sec.*®^ 
The chemical reactions that occur in the glow discharge are numerous, 


Table 74. — Distribution of Electrons in the Crookes Dark Space 
in Water-vapor*®* 

I = current, n = total number of electrons per second that cross a 
transverse section of the Crookes dark space at a distance x from the 
cathode, no = total number of electrons per second that leave the cathode, 
do = distance from cathode to place of rero field (see § c) Observations 
at room temperature and a pressure of 075 mm-Hg, electrodes, plates 3 cm 
in diameter in tube 6 cm in diameter ; distance betvi een electrodes = 35 cm 


Unit of 1 mawO 001 ampere, of do and 1 mm 


d«-* 

1 

96 

3 

7 5 

5 

6 9 

10 

6 1 

13 

5 0» 

20 

5 8i 

25 

56 









1 

1.96 

2 07 

2.26 

2 22 

2 43 

2 25 

2.34 

2 

3 77 

4 36 

4 39 

4 86 

5 42 

5 21 

5 50 

3 

6 82 

8 42 

9 35 

10 50 

11 80 

11.30 

12 60 

4 

12 3 

16 0 

18 6 

20 0 

23 7 

24.0 

27 1 

5 

20 7 

28 0 

31 0 

35 S 

43 3 

45 0 

51,5 

5.3 







57.0 

60 

32.8 

45 0 

49.0 

52 0 




65 



56 0 





70 

510 

59 0 






80 

68.8 







90 

79 0 







d. 

72 0* 

59 0 

600 

53 0 

63 3 

65 2 

63 5 


* This IS obviously too small 


complex, and very sensitive to slight changes in the attendant conditions 
A consideration of them lies beyond the scope of this compilation Some 
of them are considered in the pajiers already mentioned , others in the 
following recent ones that have happened to come to the author’s attention 
In them references will be found to earlier work A K. Brewer and P. D 
Kueck,®®^“ K G Emeleus and R W Lunt,®®* K. H Geib and P. Harteck,®®® 
K. H Geib,*®® V Kondratjew and M Ziskin,*®* R W. Lunt,*°® E J B. 
Willey «« 

Although the spectrum of the positive column in stationary water-vapor 
IS the same throughout its length, H O Kneser *"* has observed that if the 

“Geib, K H, and Hart«V, P, Idem, 30, 131-134, 140-141 (1934) 

"•Geib, K II, 7 Chcm’l Pkys , 4 , 391 (L) (1936) 

Kondratjew, V, and Ziskin, M, Acta Phyjtcochim URSS, 5, 301-324 (1936) 

^••I-unt, R W, Trans Faraday Sac, 32, 1691-1700 (1936) (for Part I see KmeUns) 
««Wniej, E. J B, Idem, 30, 230-345-246 (1914) 

"•Kneser, H O , Ann d Physik (4), 79, 585-596 (1926) 

** Linder, E G, Phys Rev (2), 38, 679 692 (1931). 

•" Gunther-Sebnize, A, Z Phystk, 23, 334-336 (1924) 

•" Gunther-Sehulze, A, Z Phystk, 30, 175-186 (1924) 
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vapor is streaming along the line of discharge, then, under suitable con- 
ditions, the spectrum of the positive column varies progressively from one 
end to the other, the intensity of the water bands, as compared with those 
of the Balmer lines and the continuous spectrum of hydrogen, decreasing 


Table 75. — Dissociation of Water-vapor in the Glow Discharge 
See also Table 73. Adapted from E G. Linder.^®* 

7 = current, do = distance from cathode to zero field (see § c), V. = 
cathode drop in potential (see § d), mi = number of electrons iier second 
crossing the transverse section of the discharge at the distance do from the 
cathode, n^Wi = total energy of those «i electrons, iiiN = number of Ho 
molecules formed per second, k = W^/N As k is found to be essentially 
constant, it follows that the number of molecules dissociated per second per 
electron entering the region of zero field is essentially proportional to the 
mean energy of those electrons 

Room temperature, /> = 075 mm-Hg, electrodes were plates 3 cm in 
diameter and 3 5 cm apart in tube 6 cm in diameter. 


Unit o£ / •■ I mu 001 Ampere, of Jo* 1 mm, of * 1 volt, of W\ m ] volt-electron/electron, 
of ^ — IHi per electron , of A * 1 electron-volt per H». of ( V'.— Wi ) ' V. “ 1 per cent of K. 

V — Wi 


/ 

Jo 

V. 

W, 

.V 

k 

K- 

1 

9.6 

302 

53.8 

4 78 

11 2 

82.2 

3 

75 

325 

55 5 

5 18 

10 7 

82 8 

5 

69 

343 

56 8 

5J0 

10.7 

83 1 

10 

6 1 

385 

633 

5 67 

11 2 

83 6 

15 

5.9, 

435 

647 

6 03 

10 7 

85 2 

20 

5 8. 

500 

70 5 

6 22 

11.3 

85 9 

25 

56 

554 

792 

590 

13 4 

85 7 


Table 76. — Current- voltage Relation for Water-vapor between 
a Point and a Plane 

Read from curves given by S Franck®** 

Data for plate electrodes and low pressure aie in Table 75. 

Point was conical, vertex angle 12®, base 10 mm in diameter , plate was 
earthed ; temperature 100 °C, pressure 725 mm-Hg. 

I = current , x = distance from point to plane ; Vt, V- = potential of 
the ixnnt above, below , that of the plane. 

Unit nf f « 1 microampere, of x* 1 cm , of V* 1 kilovolt 
\ 2 5 SO 10 


/ 

1 ♦ 

V- 

I . 

V- 

r+ 

V. 

V* 

V- 

0« 

5 U 

46 

59 

5.3 

5.9 




10 

69 

68 

10 2 

10 6 

14.5 

13 6 

17.9 

17 0 

20 

8.2 

88 

13 1 

14 0 

19 2 

18.5 

23.2 

24.0 

30 

9 4. 

10 3 

15 6 

16 4. 

22 1 

22 1 



40 

10,5. 

11 2 


18 2 


25 0 




• These values for 7 = 0 do not^ but should, agree with those given in Table 70 
The two sets of curves from which the values were read seem to be definitely 
discordant 
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rapidly as the vapor advances along- the tube. He regarded this as an 
indication that the emitters of these bands (probably OH ions) dissociate 
under the continued action of the discharge. 

E G. Linder*®® finds that almost all the dissociation of water-vapor 
occurs very near the cathode, probably within the distance do (see §c). 
Hence, the actual amount of dissociation of OH ions in the positive column 
must be a very small part of the total dissociation of the vapor in the tube. 

Ifumerical Data. 

A Gunther-Schulze has concluded that 85 per cent of the energy 
delivered to the cathode comes from the cathode drop in potential. This 
is confirmed by the more recent work of E G Linder.*®® 

Gunther-Schulze *®^ has concluded also that the thickness (d+) of the 
anode glow is independent of the material used as anode and of the strength 
of the current At such low pressures that d^. is not greater than a small 
multiple of the mean free path of an electron, decreases as the pressure 
IS increased ; at higher pressures, d* is almost independent of the pressure 
He gives the following values for water-vapor at room temperature : 

p 111 2 66 3 SS 14.4S mm-Hg 

1 69 1 43 0 54 0.30 mm 

The energy expended in pioducing the dissociation accompanying a 
glow discharge in water-vapor is 11 electron-volts pei molecule of H^O 
ionized ( = 254 kcal/gfw = 1060 kj/gfw) *®® 

IIB WATER 

25 MoLEcut.AR Data for Watf.r 

In this section are considered the structure of the liquid and the proper- 
ties, or apparent properties, of the individual molecules, each regarded as 
identical with the molecule of the vapor. 

Structure of Water. 

The structure of the liquid will be considered under two heads: 
(1) Linkage, or association in its broadest sense, covering all types of 
Ixinding, temporary or permanent, between adjacent molecules of the vapor 
type; and (2) architecture, or the relative arrangement of the individual 
(vapor) molecules in a typical volume of the liquid or in a typical associated 
group, as the case may be. 

Linkage of molecules — On the basis of the kinetic theory of matter it 
is to be expected that collisions between dipole molecules will, in at least 
some cases, result in the colliding molecules remaining for a longer or 
shorter time close together and mutually oriented in a preferred manner, 
as a result of attraction between the dipoles, as has been suggested by 

Guntlier-Schulze, A , Z Pkynk, 24, 140-147 (1924) 
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J. Malsch ^ and others. While so bonded they act as a single unit. These 
associated molecules may consist of two or more simple (vapor) molecules, 
and may be themselves bonded more or less strongly with other molecules, 
associated or simple, if all the molecules are crowded rather closely together, 
as in the case of a liquid. This bonding together of associated molecules 
may result in the formation throughout the liquid of numerous mutually 
independent groups of many molecules (hundreds or thousands), all in any 
one group having at any instant a similar orientation, but each group under- 
going a relatively slow but continuous change in its personnel, size, and 
orientation This has been called the cybotactic state.® Or, in the extreme 
case, each simple (vapor) molecule may be bonded to its nearest neighbors, 
and they to theirs, so that the entire volume of liquid forms, in a certain 
sense, a single loosely bonded molecule, the several individual bonds being 
continually broken and replaced by others. The distance between adjacent 
molecules will vary from point to point in the liquid Where they are very 
close together the attraction between them will tend to keep them together 
with a preferred mutual orientation, thus welding them, at least tem- 
porarily, into an associated moleaile, and such molecules may m turn be 
built temporarily into a definite architectural form characteristic of the sub- 
stance. Thus the entire volume of the liquid may at any instant be quasi- 
crystalline, the direction of the crystal axes varying from point to point, 
even over minute distances, and the entire picture changing from instant 
to instant. 

All these views have been held The last, the qua»icrystalline concept, 
seems to be the most favored at present, especially by those engaged in the 
x-ray study of the structure of substances It should be remembered that 
the duration of the structures so revealed need not be many times greater 
than the period of the x-rays used, provided that the structures are being 
continually renewed in form, but not necessarily either m the same place 
or with the same orientation That period, of the order of 10'^® sec, is 
exceedingly short as compared with the mean time between molecular 
encounters in the liquid (even if the free path betw^een encounters were as 
short as 0.001 of the mean distance between the centers of adjacent mole- 
cules, that time would be of the order of lO"'” sec) Consequently, the 
“structure” so revealed may be nothing more than an indication of the most 
frequent type of collision or of association, whether temporary or permanent 

Our knowledge and inferences regarding the molecular groupings and 
bondings to be found in water have been reviewed and discussed in a 
Symposium on the Constitution of Water ® and by H M. Caldwell,* G. G 
Longinescu,® O Redhch,® and T C Barnes and T L Jahn , and more 

>M>Iich, J, d Phynk (5), 9, 48-60 tl9J7) 

• Stewart, C W , Phvs Ret (2). IS, 726-732 (19301. 

* Symposium. Trans Faraday Sac, i, 7]'133 (1910) 

* Caldwell, K M » Chem Rev, 4. 375-398 (1927)f bibliography of over 125 titles 

■Longmescu, G G, Idtm, 8, 381-418 (1929) 

• Redltcfa, O . Mcnatsh Ckem , S3-54, 874-887 (1929) 
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briefly in a section of R. Kremann’s article H'asser.* The structure of 
liquids in general is the subject of a paper by J. Frenkel,® of a symposium 
before the Faraday Society,*® and of a paper by K. F. Herzfeld ** Indi- 
vidual views have been expressed by many, some of whom are mentioned 
in the following paragraphs. Both Caldwell and Kremann, especially the 
latter, have considered more particularly the evidence derived from various 
criteria for normality, such as, depression of the freezing point, elevation 
of the boiling point, ratio of the absolute temperature of the normal boiling 
point to that of the critical point, ratio of the molecular heat of vaporization 
to the absolute temperature of the normal boiling point (the increase in 
entropy on vaporization at the pressure of one normal atmosphere), the 
temperature coefficient of the molecular surface energy, etc 

Many types of observation (see Table 77) and in particular those show- 
ing that the behavior of water differs m very many respects from that of 
the large number of liquids commonly described as normal, suggest that 
water is not a simple substance, but is an equilibrium mixture of two or 
more interconvertible types, or groupings, of molecules, the composition 
of the mixture varying with the temperature and the pressure. Such 
variation is usually regarded as gradual, but E J M. Ilonigmann is 
inclined to regard it as proceeding discontinuously 

The constituents of the mixture may conceivably be either isomeric or 
polymeric or both. Or they may be merely portions of the liquid in which 
the molecules are temporarily more closely packed or more uniformly 
oriented or both, than in adjacent portions. Or the abnormality may result 
from a uniform packing different from that in normal liquids. All these 
views have been advanced At present, explanations in terms of packing 
and orientation seem to be the most favored,*^ but the evidence is con- 
flicting. For example, J. W Ellis reports spectroscopic data which indicate 
a much closer union than any that can fairly be regarded as arising from 
a mere packing of the molecules , whereas Stewart draws the opposite con- 
clusion from x-ray data. 

Most of those who regard the abnormalities of water as arising from an 
association of molecules — from the presence of groups containing only a 
few molecules of H 2 O each — seem to accept the opinion set forth in detail 


'Barnes, T C, and Jahn, T L, Quart Rev Biol, 9, 292-341 (1934). 

•Doelter, C. Handb d Mineralchem . 3, 855-915 (1918) 

•Frenkel, J, Acta Phystcochim URSS, 633-648, 913-938 (1935). 

^•Symposium, Trans Faraday Soc , 33, 1-282 {1937) ^ l^fatnre, 139, 272-274 (rev) (1937) 
^ Herzfeld, K F , AppL Phys , 8, 319-327 (1937), bibliography of 42 titles 
>• Hotiigmann, £ J M , N aturtmssenschaften, 20, 635-639 (1932) 


»Longtne8cu, G G, Ckem'l Rev, 6, 381-418 (1929). Smyth, C P, Idem, 6, 549-587 (1929), 
Stewart, G W, Phys Rev (2). 43, 1426 (A) (1930), 37, 9-16 (1931), Indian J Phys, 7. 603-615 
(1932), Honignaim, £. J M, Die NeUnrvnss , 20, 635-638 (19325, Berxial, J D, and Fowler, 
R H , 7. C^m*l phys, 1, 515-548 (1933); Fowler, R H, and Bernal, J* D , Trans. Faraday 
Soe, 2% 1049-1056 (1933) 


uElliB. J. W, Phys Rev (7), 38, 693-698 (1931) -4 38, 582 (A) (1931); Herzfeld, K. F., 
J Appl 8 , 319-327 (1937) 

uROntgen, W. C,Ann d. Phystk (Wted ), 45, 91-97 (1892). 
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by W. C. Rbntgcn,*® but even then already old,* that water contains ice, 
that it IS a saturate solution of ice in a liquid composed of simpler mole- 
cules. The most widely accepted assumption of this type seems to be that 
water is a mixture of (H 20)2 and (H 20 )s, water-vapor not too near 
saturation being (H 2 O), and the common type of ice (ice-I), not too near 
its melting point, being (H20)8. In 1900, W. Sutherland showed that 
many of the exceptional properties of water can be quantitatively accounted 
for on that assumption, and he derived the values of those prt^erties that 
must be individually assigned to (H 20)2 and (H 20 )a in order to account 
for the observed values for water. These are given in Table 78. He pro- 
posed the names hydrol, dihydrol, and tnhydrol, respectively, for the 
polymers (H 2 O), (H20)2, and (H20)8; these names are now quite gener- 
ally used. 

More recently, the idea that hydrol is present in water, especially 
at temperatures approaching the boiling point, has been advanced This 
idea, that water contains hydrol (steam) in solution, is an essential part 
of H. L. Callendar’s theory.*® And it seems to be involved in the hypothesis 
by which C. Bams *• sought to explain certain observations on the evapora- 
tion of very small drops near room temperature; vis., that water contains 
two constituents, one more volatile than the other. 

But not a few who accept Rontgen’s general suggestion take exception 
to Sutherland’s interpretation ; there is no general agreement as to the sizes 
of the individual groups of associated molecules. For example, G B. B. M. 
Sutherland accepts (H20)2 but no higher polymer; C. Gillet and H. E. 
Armstrong®® have suggested that water is a mixture of (H 2 O) and 
(H20)2; H. H. Vernon®® proposed (H20)2 and (H20)4, L Schames®® 
and H. Auer®® preferred (H20)s and (H20)6, the first regarding ice as 
a mixture of (H20)fl and (H20)i2. The more highly associated molecule 
of water was regarded as (H20)6 by S. W. Pennycuick ®® ; as (H20)e or 
(H20)9 by G. Tammann®*; as (H 2 O)®, (H®©)®, (H20)i2, or (H20)23 
by J. Duclaux.®® Some are noncommittal, e g , C S. Hudson,®® A Kling 
and A. Lassieur.*® 


* Rontgen’s suggestion had been foreshadowed for at least 12 years H. A. Row- 
land, in commenting upon the fact that the specific heat of water is a minimum at 
about 30 *C, had written : “However remarkable this fact may be, . . . it is no more 
remarkable than the contraction of water to 4*. Indeed, in both cases the water 
hardjy seems to have recovered from freezing The specific heat of melting ice is 
infinite. Why is it necessai^ that the specific heat should instantly fall, and then 
recover as the temperature rises? Is it not more natural to suppose that it continues 
to fall even after the ice is melte^ and then to rise again as the specific heat 
approaches infinity at the boiling point?" ** 


••Rowland, H A, Pm Am Acad Arts Sit. IS, 75 200 (131) (1880), "Pliyiical Papen," 3«- 
46S (398-399) (1902) s , 

•« Sadwrland, W , PhU Uag (S), SO. 460-489 (1900) 


1* Callendar, H L, Cnstncrnno (Loniem), Ot, 594-S9S, 625-627, 671-673 (1928); see also 
Jakob, U, Idem, 132, 6S1-6S3, 684-686, 707-709 (1931); Awbery, J R, Rep. Prog Phyt. (Phys 
Soc. London), 161-197 (1934). 

••Bams, C, Am J Set (4), 2S, 409-412 (1908). 

• Smherland, G. B. B H., Proe. Roy. Soe. (London) (A). 141. 535-549 (1933) 
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Neither is there agreement as to whether these more associated mole- 
cules exist as free individuals or form the blocks of a larger structural unit. 
Many regard them as free, but many others think that thq^ are combined 
to form microcrystals of ice. H. Schade,®* and H. Schade and H. Lofert ®* 
have advanced the idea that the polymers in water approach the size of 
colloid particles. But the light scattering units of which they are speaking 
may be merely regions where the molecules, as a result of their thermal 
agitation, are more closely packed than normal (see Section 39, Rayleigh 
scattering). H. T. Barnes ®® seems to think that as 0 ®C is approached 
the (H 20)8 molecules in the water clump together to form invisible col- 
loidal particles of ice ; others think that they are temporarily associated into 
ill-defined groups of hundreds or thousands, all in any one group having 
essentially the same orientation, — ^the cybotactic state proposed by G. W. 
Stewart®*; and still others think that all the molecules are more or less 
closely bonded together into one quasicrystalUne mass 

Of the quasicrystalline theories, three types have been proposed One 
requires a fairly rigid structure; this was proposed by J D. Bernal and 
R H Fowler®* and in a modified form by M L Huggins at about the 
same time ®* The other two types of theory are based on structures that 
are loose and very transient,®^ and will be considered in the paragraphs 
devoted to the architecture of water Here it suffices to state that the 
Bernal-Fowler theory seems to be preferred at present It is accepted, 
either directly or in a slightly modified form, by the workers here noted,®®-*® 
many of whom advance arguments in its favor 


"Gillet, C, Butt Sae Chim Bclg , K, 4I5-4I8 (1912) 
**Annstronff, H E Cnmpt rend, 17S, 1892-1894 (19231 
“Vernon, H. H, Phit Mag (S), 31, 387-392 (18911 


“ Sclianies, L, Ann d Phyttk (4), 38, 830-848 (1912) 

“Auer, H, Idem (}), 18, S93-612 (1933) 

* Pennycuick, S W , J Phys'l Chem , 32, 1681-1696 (1928) 

" Tammann, G , / pkysii C*r« , 84, 293-312 (1913), Z anorg al'gem CTrm . 158, 1-16 (1926) 
“Duclaux, J, Compt rend, 152, 1387-1190 (1911); / ehim phyt . 10, 73-100 (1912). 


“Hudson, C S, Phyt Rev, 21, 16-26 (1905) 

“Kling, A, and T..a8Bieur, A, Compt rend, 177, 109-111 (1923) 

“Sehade, H, Z Chem Ind Roll (Roll Z ), 7, 26-29 (1910) 

“ Schade, H , and Lofert, H , Roll Z , 51, 65-71 (1930) 

•• Barnes, H T , in Alexander, J, "Colloid Chemistry," Vol. 1, pp 435-443, Chemical Cata- 
log Co , Inc. (Reinhold Publishing Corp ), 1926 

“Stewart, G W. Phys Rev (2), ^ 1426 (A) (1930), 37, 9-16 (1931), Indian J, Phys , 7, 


603-615 (1932) 

“Bernal, J. D , and Fowler, R H,/ Chem'tPkyi. 1. 5IS-548 (1933): we alro Fowler, RH. 
and Bernal, J D, Tram Faraday See, 29, 1049-1056 (1933); Bernal, J D, Idem, 33, 27-40-45 
(1937). note E. Bauer’s remarks (p 43) about the last 
“Huggins, M L, / PhyPl Chem,, 40, 723-731 (1936). 

“Kataoff, S, J. Chem I Phys, 2, 841-851 (1934); Warren, B. E, 7. Appl Phys, 8, 645- 

* Ananthaknahnan, R , Proc Indian Acad Set,, 2, 291-302 (1935). 

“Cartwright. C II. Nature, 138, 872 (L) (1935), 136, 181 (L) (1935); Phys Rev (2), 49, 
470 471 -*421 (A) (1936) 


at Cross, P. C, Burnham, J, and Leighton, P, A, / ,4fii. Chem Soe , 99, 1134-1147 (1937). 
“Debye, P., Chem'l Rev, 19, 171-182 (1936). 
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V. Danilow ” departs from the Bemal-Fowler theory in some particu- 
lars ; E. N. daC Andrade is more inclined to favor the cybotactic theory 
advanced by Stewart ; and P. Girard and P. Abadie think that the semi- 

Table 77. — ^Evidence for Association 

Some properties of water from which conclusions regarding an asso- 
ciation of molecules have been drawn. 

1. Magnetic susceptibility. The variation m the susceptibility with the 
temperature indicates the presence of at least two types of molecule, the 
more polymerized decreasing in number as the temperature rises.®^ ®'^ 

2 Spectrum The infrared spectrum of water indicates the presence 
of at least two types of molecule, their relative numbers varying with the 
temperature.®*'®® At one time, J. W Ellis and B W. Sorge®* seemed 
inclined to accept the idea of polymerization, but later E L Kinsey and 
J. W. Ellis ®* were undecided, rather inclining toward the quasicrystallme 
theory as propounded by Bernal and Fowler. 

3. Raman effect- Scattering It has been held that the Raman spec- 
trum of water also indicates the presence of at least two types of molecule, 
their relative numbers varying with the temperature ®®'®® 

I. R. Rao concluded that there are three types of polymer involved (see 
Table 79) At one time, M Magat ™ seemed to favor the polymer theory, 
but he later decided that such a view is untenable, and that a quasicrystal- 

"Errera. J , J de Chm Phys , 34, 618 626 (1937) 

“Herafeld, K F, J Appl Phyi . I, 319-127 (1937) 

“Kinsey, E L . and Ellis. J W. Phxj Rev (2), 49, 105 (L) -* 209 (A) (1936) 

“Magat, M, Ann de Phyt (11), C, 108-193 (1936), Trans Faraday Sac, 33, 114-120 (1937) 
“Rehner, J, Jr, Rev Set Inst, 5, 2-3 (1937) 

"Danilow, V., Aela Physicaehim VRSS, 3, 725-740 (1935) 

“Andrade, E. N daC , Phil Mag (7), 17, 698-732 (1934) 
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Table 77. — (Continued) 

line structure is required. R S. Knshnan ” could find m pure liquids no 
evidence of such large molecular clusters — comparable in size to a wave- 
leng[th of light — ^as had been postulated by Plotnikow,^* but he did find such 
clusters in certain binary liquid mixtures. 

4. Index of refraction 

5. Color. J. Duclaux has suggested that the proportion of ice-mole- 
cules contained in water might be determined from a study of the thermal 
variation in the color. And H T Barnes has stated that “just at the 
freezing point the color of the St Lawrence River changes rapidly and old 
river men can tell the approach of the ice-forming period by the color.” 

6. Diffraction of x-rays The diffraction pattern obtained when x-rays 
are passed through water indicates that the water has a quasicrystalline 
character, changing with the temperature , but opinions differ as to whether 
the crystalline character refers to small groups of molecules or to large.^^'®* 
For numerical data, see Tables 155 and 156 

7. Dielectric constant ** 

8. Surface tension 

9 Pressure-volume-temperature correlations G. Tammann has 
pointed out that water should contain at least as many types of molecule 
as there are types of ice that can exist in equilibrium with it. There were 
four such types then known that are stable (see Figure 13). Of these he 
concluded that III, V, and VI are iSomers, all arising from molecules of the 
type (H20)3 He gives reasons for believing that ice-I is either (HaO)#, 
breaking up into 9(H20), or is (1120)6, breaking up into 2(H20)s From 
Bridgman’s observations of the behavior of water under pressure, Tam- 
mann derived the values credited to him in Table 79 In the same table 
are the values derived by Jazyna and by Yoshida from the thermal expan- 
sion of water ; they are much smaller than any of the others. 

*Rao. css, Proc Roy Soc (London) (A), 151, 167-178 (1934) 

“Magat, 'll, J de Pkyi (7). 5. 347-356 (1934) 
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“ Plotnikow, J . and Splait, L , Phyjik Z , 31, 369-372 (1930) , Plotnikow, J , and Nishigtshi, S ■ 
Idem, 32, 434-444 (1931) 
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Table 77.— (Continued) 

£. £. Walker and M. F. Carroll'**’ have discussed the association of 
liquids in the light of van der Waals’ equation of state and the concqit of 
corresponding states, and D. B. Macleod has considered certain pha^ of 
it from the concept of “free space.” 

10. Viscosity. From his measurements of the viscosity of water at 
two temperatures and under various pressures, P. W. Bridgman'^ con- 
cluded that there is an association that decreases as the pressure is increased, 
vanishing at very high pressures. 

11. Ratg oj eooltng.^ 


Table 78. — Properties of Dihydrol and TrihydroH^ 

2(HaO) = (HaO)a + 6.8 kcal = (HaO)* + 28 S kilojoules. 
3(HaO)a = 2(HaO), + 19.1 kcal = 2(HaO)a + 80.0 kilojoules." 


Property 

Density (p} 

Coeffiaent of expansion ^ 
Speaiic refractivity (^^2’il) 

Compressibility 

Surface tension 
Cntical temperature 
Specific heat 
lAtent heat of fusion 
Latent heat of vaporization 
Viscosity (v) 

Pressure coefficient of viscosity 
Vinal constant* 

Magnetic speaiic susceptibility* 


Temp —O^C 
(HiO)i (HiO)i 

Unit 

1.0894 

0.88 

1 g/cm* 

9 

2 

liH co-i 

0.20434 

0 20968 

1 cm*/g 

16* 

10 (?) 

10'* (atm)-' 

78.3 

368 

0.8* 

257 

3.0 

16.0 
- 722 2 

73.3 

538 

0.6* 

16 

250 ca. 

38.1 
- 34 

15.2 
- 701.3 

1 dyne/cm 
*C 

1 cal/g 'C 

1 «^/g 

1 cal/g 

10-* poise 
lO'* (atm)-' 

1 kiloatm cm'/g* 
lO'^cgsm 


*J. Duclaux** concluded that the ice molecule is either (HiO)> or (HiO)ii, and 
was noncommittal regarding the formula for the “unpolymenzed” water He com- 
puted the following values, t = 0 °C 

Heat of depolymcrization of 1 g-molecule of dissolved ice = 4 kilocal 

Speaiic heat of dissolved ice = 062 cal/g’‘C 

Speaiic heat of “unpolymenzed” water s 0.99 cal/g'°C. 

Compressibility of “unpolymenzed" water = 36 X lO"* (atm)'* 


* By the vinal constant he means the quantity / in the equation of state (p + — — ^ v 

25 _ ^ 

— RTfiv.T), Sutherland* concluded that j{v,T) = — {1 + whence 

3 T dp \ 25 3 

= '*'26**^^ — 2^’ being negligible. He gives five 


methods for estimating the value of I for a liquid 

•Derived by L. Sibaiya* for water at 20 *C; for HiO he finds —775 5 in the 
same units. 
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Table 79. — Estixnates of the Ice-costent of Water 

If the average molecule of the mixture can be represented by (HaO)^ , 
may be called the average degree of association of the mixture O Fru- 
wirth has tabulated 10 ways for getting ft, the values ranging from 1 3 
to 47. It is probable that P is the quantity called "degree of association” 
by M. A. Azim, S. S. Bhatnagar, and R. N Mathur for which they give 
the values 4.18 at 0 °C and 2 70 at 100 “C. It is not stated how the values 
were obtained By the method of Ramsay and Shields (see p. 520), 
J. Timmermans and H. Bodson derive y8 = 3 0 from then own observa- 
tions, probably near room temperature. 

c = total mass of all the ice molecules contained in a unit mass of water 
at # °C , n = number of molecules of the indicated type per 100 molecules 
of the mixture. 


Unit of ^ — 1 kg*/ctn*«0 968 atm, of P» 1 atm 

I Pressure = 1 atmosphere. 
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20 
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28 
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30 

O' 

Ja 
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(HiO). 

(HiO). 
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1 (Rao) 


t 

0 

9 


Itivv — 

57 

37 


19 


58 

23 

4 

10 


58 

32 


19 5 


58.5 

21 

38 

16 


52 

32 


29 


50 

2x 

98 

21 


58 

21 


36 


51 

13 

Ice, 0 °C 

0 


32 

68 


0 


41 

59 


II Variation with pressure. 


r 
- 10 

1 

soo 

1000 

1500 

100c (Ta) 

2000 2500 

r 

20 2 

14 5 

13 1 

96 

64 

5.3 

0 

14.6 

10 0 

78 

5.6 

4.2 

3.9 

10 

104 

7 1 

5.7 

4.1 

3 1 

30 

20 

7.0 

4 7 

39 

2.8 

2.1 

2.1 

30 

4.4 

2.8 

2.4 

1.7 

1.4 


40 

2.5 

1.4 

1.3 

0.7 

0.7 

0.8 

"Taminann, G., Z 

phynk Chem , 

14, 293-312 (1913) 

; Z, morg Chtm, 

158, 

1-16 (1926) 


•VITalker, E. E., PM Jiag. (6). «, 111-126, S13-52S (1924). 
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T«ble 79.— fConttnued) 


1-* 

p 

0 

20 

40 60 

lAAs'/Cas'l 

so 

100 

1 

37.5 

32.1 

28.4 

25.5 

23.4 

21.7 

150 

35.1 

30.0 

26 4 

23 7 

21.7 

20.3 

- IVAcl^P 

KW 

147 

133 

120 

107 

93 

Extreme estimates at 0 °C (Du). 




P 0 

100 

500 

1000 

1500 

2000 

2500 

100 c».„ 18.3 

16.9 

12.2 

8.1 

54 

36 

1.6 

100 c.,. 18.3 

16.8 

11.8 

73 

40 

2.2 

0.5 
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‘Computed by means of his formula; c = 0 006c'""“' based on a study of the 
thermal variation of the density and of the specific heat 

• These values were derived from the thermal expansion of water 


crystalline state is well developed in water at room temperature, but do 
not commit themselves to the Bernal-Fowler theory On the other hand, 
S. A. Ukholin*® thinks that certain Bernal-Fowler interpretations of the 
thermal variations m the Raman spectrum of water are of quite doubtful 
validity. 

Establishment of equilibrium — If water is a mixture of two or more 
types of molecular structure, the relative proportions of the several types 
varying with the temperature, then the question arises Does an appreciable 
time elapse after a change in temperature or in phase before the types are 
again in mutual equilibrium ? 

H. T. Barnes has advanced the idea that equilibrium takes place 
slowly, at least at temperatures near 0 ° C, and has described experiments 
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interpreted as showing that ^vate^ niay be temporarily deprived of the nuclei 
—assumed to be the ice-molecules m it — required for the formation of ice ; 
and T. C. Barnes and T. L. Jalin have reported experiments interpreted 
as showing that water freshly formed from steam freezes less quickly than 
that freshly formed by melting ice, the initial temperature and other con- 
ditions being the same for each specimen of water. The conclusion is 
drawn that an appreciable time is required for equilibrium to be established. 
In view of the uncertainty of our knowledge of the behavior of water as 
regards freezing, all such interpretations must be accepted with reserva- 
tions. T. C. Barnes and associates ***• have described experiments 
indicating that the growth of certain organisms in water freshly formed 
from steam differs from that in water freshly formed by melting ice.'®* 
The explanation offered attributes this difference to a difference in the ice- 
content of the two kinds of water , that is. these workers believe that a very 
appreciable time is required for the establishment of equilibrium.* Inspired 
by this work, A. P Wills and G. F. Boeker interpreted in the same way 
certain pieculiar observations they obtained m their study of the magnetic 
susceptibility of water, but they found later that the peculiar behavior was 
the result of errors J Zeleny invoked such delay as an explanation 
of certain observations on the electrification of water-drops broken by an 
air-blast. 

Other attempts to answer the question have led to the conclusion that 
equilibrium is attained very quickly, practically at once, some of the proper- 
ties investigated being these 

( 1 ) Vapor-pressure 

(2) Magnetic susceptibility 

(3) Infrared absorption 

(4) Index of refraction 

(5) Density Using a method by which a differ“nce of one m 10" m 
the density could be detected, M. Dole and B. Z Wiener »*« compared the 


♦Such a conclusion is quite at variance with certain observations made by the 
compiler after this section had been written (see Section 97) 

IB Tlamn H T and T C . Nature. 12», 691 (1932) , Barnes, T C , Pw Nat Acad Sn , M, 
136-137 (1932); Lloyd, F, E. and Bamea, T C, Idem, U, 422-427 ^1932), Barnes, T C, and 
Larson, E J , 7 Am Chem Sac , 35, 5059 (1933) 
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Wills, A P , and Boeker, G F , Idem, 46, 907-909 (1934) 


“• Zdeny, J , Idem, 44, 83 7-842 (1933) 

“• Bonhoeffer, K F, and Harteck, P, Z phytik Chem (B), 5, 291-296 (1929) 
“•West, W A, and Menzies, A W. C. / Phye’l Chem. 33, 1893-1896 (1929) 
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•“CWirera, B, and Fahlenbraeh, H, Z Physth, 82, 759-764 (1933) 
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density of freshly condensed steam with that of freshly melted ice, and 
found no difference. 

In most cases, the conditions were not identical with those in the experi- 
ments of T. C. Barnes and his associates, water heated for a time to ICO °C 
being used instead of condensed steam, and water that had remained long 
at a much lower temperature, instead of freshly melted ice Although this 
difference might be expected to reduce the magnitude of the effect sought, 
it would scarcely make the effect entirely negligible as compared with that 
corresponding to the other conditions 

G Tammann and A Elhrachter**’ attempted to answer the question by 
comparing the observed temperature change accompanying adiabatic expan- 
sion with that computed from the specific heat and the equation of state 
Differences were observed, but were of such a kind that they could not be 
interpreted. 

cither information regarding the controversy may be found in articles 
by T. C. Barnes,*^* W D Bancroft and I- P Gould,*** and by A W. C 
Menzies.*®* .See also pp 638, 644 

At one time H. B. Baker*®* thought that he had evidence that equi- 
librium between the molecular species in a pure liquid might he established 
slowly However, it seems that his conclusions are not accepted *®® 

F. Vl^s *®* has explained the appearance of a Tyndall cone of light 
scattered by “cold water from freshly melted very pure ice” as due to col- 
loidal aggregates of trihvdrol Before this explanation can be accepted it 
must be shown that it did not arise from foreign particles suspended in the 
liquid, and dissolving slowly as the temperature rose. 

Certain observations hrieflv reported bv F W Gray and J F Cruick- 
shank*®* as indicating that the thermal change in the magnetic suscepti- 
bility of water lags behind the temperature should he carefully studied and 
checked by other observers 

The Earl of Berkeley *®* has suggested that information regarding asso- 
ciation might be obtainable from a study of changes produced in the index 
of refraction as the liquid is centrifuged 

Architecture of water — It has long been known that oxygen behaves 
as if it had 4 valencies, two weaker than the others, and hydrogen as if it 
had two, one being weak (see, egr, T. M I.x)wry and H Burgess) *®" 
Making use of the first. H H Vernon** suggest^ that, between 4 and 
100 ®C, water consists of two H 2 O units joined by a double bond between 
the O’s : and below 4 ®C of 4 HoO units arranged in a square and united 

X* Ttnimnii, G, and Dbrichter, A, Z aturp angem Chrm, 100, 153-167 (1931) 

"•Bsrae*. T. C, Scunr* (N.S). 79, 455-457 (1934); 81, 300-201 (1935). 

»* Bancroft, W. D, and Gould. L. P. 7 Pkyet Oum. 30, 197-211 (1934). 
wUenalea. A W C, Setenet (N.S), 80, 72-73 (1934) 

Baker, H B, 7 Chem Ste (London), 121, 568-574 (1922); 1927, 949-958 (1927) 

»MeneIea. A. W C . 7. Phyei Chotn., 33, 1893-1896 (1929); Seitnet (N. S),tli, 72-73 (1934) 
>»VI0a. F, Ch*m Abst . 31, 592 (1937) phyt bud, 13, 199-201 (1936). 

Cray, F. W , and Cruickaliank, J. F , TWurr, 135^ 368-269 (L) (1935). 

«■ Earl of Berkder, Nttmn, 128, 840-841 (1927). 
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by single bonds between adjacent O’s. H. E. Armstrong regarded 
water as a mixture of H 2 O (“hydrone”) and of (H 20 )a formed by uniting 
an H and an OH, each individually, to the O of an HjO. This type of 
(H20)2 he called “hydronole ” A, Kling and A. Lassieur pictured 
water as a mixture of H 2 O and a senes of its polymers, regarding H 2 O 
as existing in two isomeric forms . H — O — H, and H — OH. The sugges- 
tions of Armstrong and of Khng and Lassieur have been criticized by 
V, Auger.“® 

If the 4 pairs of electrons of the oxygen atom are arranged about the 
nucleus at the vertices of a regular tetrahedron,^** then the simple molecule 
H 2 O will be formed by adding an H to each of two vertices of that tetra- 
hedron; the other two vertices may for convenience be called the electron 
vertices of the H 2 O molecule A pair of such tetrahedral molecules may 
unite, as a result of the attraction between the H vertices of one and the 
electron vertices of the other, to form a double molecule in any one of three 
ways : (a) by union at a single vertex (type V) , (b) by union at the two 
vertices of an electron-H edge (type E) ; and (c) by union at the three 
vertices of a single face (type F), the one electron and two H vertices of a 
face of one uniting, respectively, with the one H and two electron vertices 
of a face of the other Such tetrahedral molecules can be built up into 
structures that correspond to the observed x-ray pattern of ice, and serve 
as the basis of much of the recent discussion regarding the structure of 
water and of ice. 

F. O Anderegg,'*® and E. L. Kinsey and O. L Sponsler suggested 
a face union (F). The former regarded such double molecules as forming 
the chief molecular species in water, and tlie latter regarded them as the 
polymer that occurs in both ice and water, dissociation being into H+ and 
(HsOj)-. 

S. W. Pennycuick^** discussed the structure of water, espeaally in rela- 
tion to such tetrahedral molecules, and concluded that the single vertex 
union (V) IS the most probable This not only yields a satisfactory crystal 
form, but also gives rise to rings (H20)o and to open chains. See also 
M. L. Huggins.*®* 

The x-ray pattern for both ice and water indicates that, on the average, 
each oxygen atom has four or very nearly four others as near neighbors. 
Taking account of this in connection with the tetrahedral molecule, J. D. 

“•Lowry, T M, and Burgess, H, J Chem Soc (Lmdm), 123, 2111-2124 (1923) 
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“•Anderegg, F. O., Chem Abetr . 18, 2282 (1924) *- Free. Indmna Acad. Set, 1923, 93-101 
(1923) 
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“•Huggins, M. L., /. Phy^l Chem., 40, 723-731 (1936) -» 7. Am Chem. Soc, 58, 694 (L). 
(1936). 
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Bernal and R. H. Fowler developed their theory of the quasicrystalline 
structure of water, w'hich seems to be the favored one today. The exact 
crystal structures of ice and water are not determined unambiguously by 
the available data there is an element of choice They decided that three 
types of structures, passing continuously one into another, have to be con- 
sidered. Tyjie I IS like tridymite. Type II is quartz-like , Type III is close- 
packed, like ammonia. Type I is ice and occurs in water at low temper- 
atures, Type II predominates in water between 0 and 100 °C, Type III 
characterizes water at high temperatures, say between 150 °C and the 
critical point There is no question of different kinds of molecules, but 
only of different arrangements of the same kind. Each small region of 
water has instantaneously a crystalline character, but m different regions 
the crystals are differently oriented, and each region is continuously chang- 
ing in personnel and in crystal orientation. See also J D. Bernal.^®* 

B. E Warren does not admit as close or permanent a binding of 
the atoms into crystal forms as is postulated by Bernal and Fowler. He 
regards the crystal form as merely a kind of ideal that is more or less closely 
approached in water at any instant, but that is seldom, if ever, fully realized 
S. Katzoff goes still further. He tliinks that in water there is little 
if any periodicity in arrangement, and that what little there may be is 
entirely incidental. In his view, the important thing is the relative posi- 
tions of adjacent molecules. They are probably held together in nearly 
the same manner as in the crystal, but except for that, the arrangement of 
the molecules is a random one. He found no evidence either for the definite 
“quartz-like” arrangement or for the extensive degree of close packing 
postulated by Bernal and Fowler, his observations were, in fact, incom- 
patible with the assumption of a “quartz-like” arrangement His proposed 
picture is that of a broken-down ice structure. 

The earliest models placed the bonding H midway between the two O’s, 
but it IS probable that it is nearer to one than to the other, and that, of the 
4 H’s bonding to an O, two are nearer than the other two.^®®’ ®®® And there 
are reasons for thinking that in H 2 O one H is bound more firmly than the 
other (see L Henry ,^** and G. Jacoby ***). 

A. Piekara has pointed out that the rotating of a dipole molecule is 
affected by fields arising from two sources: the field due to its immediate 
neighbors and called by him the association field; and the resulting field 
arising from all the other, more distant, molecules, which he calls the Debye 
molecular field 

K* Bernal, J D, and Fowler, R 11 , J Ckem'l Phys , 1, 51S-S48 (1933), Fowler, R H, and 
Bernal, J D, Trans Faraday Soc , 29, 1049-1056 (1933) 

rra Bernal, J D , Trans Faraday Soc , 33, 27-40-45 (1937), and E Bauer'a remarka (p 43) 

»• Warren, B E, 7 Afpl Phys, 8, 645-654 (1937) 

•"Kateoff, s, J. Ckem'l Phys, 2, 841-851 (1934) 

Henry, L , Ball Classe Sn. Acad Boy Belg , INS, 377-393 (1905) 

“•Jacoby, G, Ann d Physik (4), 72, 153-160 (1923) 

»“ Piekara, A , Acta Phys Polan , 6, 130-143 (1937) 

Callcndar, H L , Proe Roy. Soe London (A), 328 , 460-472 (1928) , Proc, Insl. Ueehan Eng , 
1829, 507-527 (1929). 
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Miscellanea. — Both H. L Callendar^^* and O. Maass and A. 1.. 
Geddes find that the liquid structure may persist at temperatures appreci- 
ably above the critical one — above that at which the meniscus vanishes. 
(Cf. Section 88, Critical data ) 

Evidence thought to show that the structure of water in capillary spaces 
differs from that of water in bulk has been published by P. Gaubert,**® who 
found birefringence in the film betw'een two adjacent bubbles, and by 
fi. Torporescu,^^* who observed certain voltaic effects. The observations 
reported by B Derj'aguin as indicating that thin films of water possess 
a rigidity that increases as the film becomes thinner, conflict with the obser- 
vations of R. Bulkley and are probably to be otherwise explained, as it 
is not certain that Derj’aguin had satisfactorily eliminated the effect of 
small suspended particles 

A P. Wills and G. F. Boeker^®^ infer from their magnetic measure- 
ments that “significant changes in molecular arrangement or as.sociation 
of the water molecules” may occur near 35 °C and near 55 °C. And 
M. Magat concludes that many jiroperties of w ater have anomalies near 
40 “ C, and regards these anomalies as arising from a change in the struc- 
ture of water. 

Dipole Moment of the Molecule of Water. 

The value of the dipole moment (ji) of a single free molecule of HgO 
as it occurs in water-vapor is such that 10^®/* = 18 3i cgse, see p. A 
discussion of Debye’s dipole theory, his formulas, and their limitations in 
the case of liquids may be found m Section 49 

All observations combine to show that Debye’s formulas for freely 
reorientable dijxiles, though applying to gases, are not applicable to dipole 
liquids, and are only approximately applicable to dilute solutions of 
dipole substances in nonpolar solvents Nevertheless, those formulas have 
been quite generally used for determining what has been call^ the 
dipole moment of liquids The procedure followed has been this • To 
the experimentally determined values of (e — l)/(e + 2)p is fitted an 
expression of the general form a + h/T + cT, sometimes^ with c = 0, 
and from this the apparent dipole moment denoted by jin. is determined 
by means of the relation b = AirN {paY /9Mk. In these equations 
c is the dielectric constant, p the density, T °K the absolute temperature, 
N the number of molecules per gram-mole (6061 X 10®®), k the molecular 
gas constant (1 372 X 10-*« erg/^K moleaile), and M the formula weight, 
which is assumed to be the molecular weight of the molecule to which pa 

Mamp, O . and Geddea, A L . Phil Trttiu (A), 236, 303.332 (1937). 
uPGaubert, P, Compt rend. 200, 304-306, 679-680 (1935) 

'“Torporepcu, t , Idem, 202, 1672-1674 (1936) = Bull de Math et Phyt , Bucarest, 6, 40-41 
(1936). 

lo Derjaguin, B, Z Phyttk, 84, 657-670 (1933); Phyt Z Sowi , 4, 431-432 (1933) 

"•Bulkley, R, Bur Stand J Ret, 6, 89-112 (RP264) (1931) 

"•Willa, A. P, and Boeker, C F., Phyt Rev (2), 46, 907-909 (1937). 

“•Magat, M., 1 de Phyt (7), 6 , 179-181 (1935), Trmu Faraday See., 33, 114-120 (1937) 
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refers. This quantity (/la) is what has been generally called the dipole 
moment of the liquid, and has been denoted hy ii. Here it will be c^ed 
the apparent dipole moment, and will be denoted hy /la, being used to 
denote the dipole moment of a molecule of the gas phase. The ratio (/bo/m)* 
is the factor by which the theoretical value of b for freely reorientable mole- 
cules must be multiplied in order to obtain the value appropriate to the 
liquid. Its value is commonly indicated by that of the square root of 
its reciprocal. 

The value to be preferred at present for the coefficient 6 for water is 
107.13 “K cmVg (see Table 17S), 

whence 10^* /to = 5 59 cgse units i>er gfw-H20 
or /to = 0117] electron-angstroms per gfw-HjO 

which gives /i//to = 3.27. 

This and other values that have been published for /to are given in 
Table 80 The value 1.7 given by L Kockel was obtained by fitting to her 

Table 80. — Apparent Dipole Moment of Water. 

The apparent dipole moment (/to) is here used to denote the value 
derived from the coefficient (b) of T~^ in the expression for (e — 1)/ 
(* + 2)p in powers of T, by means of the relation b = 4irN(iia)^/9kM, 
M being the formula weight of H 2 O (see text) Introducing the numerical 
values of the several quantities, one finds for water 1 850(10'*) /»„ = \/b 
For water-vapor c = 0 and /*„ m the expression for b is the actual dipole 
moment (/t) of the molecule HnO (10’* /t = 18 3i cgse, p 00). 

Unit of cgsc units (•■0 02094 electron anffstrom) per gfw-HiO 


••• 

a/liy 

Reference (we text for ci 

S.59 

3 27, 

Preferred values 

S.7 

3 21 

P Debye »• 

5 689 

3 21, 

M Porrrt “* 

1 7 

10.8 

L Kockel"* 

7.4 

24, 

P. Lertes “• 


own observations Debye’s expression for gases (that containing only the 
a and b terms), although her observations demand the c term also; and 
P. Lertes’ value, 7.4, was derived from the torque exerted upon water by 
a rotating electric field Although both these values are included in the 
table it is probable that little, if any. weight should be attached to them 
Values of /ta as derived from solutions of water in nonpolar solvents 
may be found, with references, in the table compiled largely by N V. Sidg- 

** Hampson, G. C , and Maraden, R J B , Trans Faraday Sac . 30, Appendix (1934). 
"•Frank, F. C., Proc Ray Sac. (London) (A), ISZ, 171-196 (I93S) 

•"Debye, P., Physik. Z.. 13, 97-100, 295 (1912) 

“•ForrO. M, Z. Phys , 47, 430-445 (1928). 

•"Kockd, L., Atm. d Pkysik (4), 77, 417-448 (1925). 

•"Lcitea, P., 2. Pkys , 4, 315-336 (1921). 8, 56-68 (1921) 

•"CenatiBab F., Nnoeo am., (N.S.), 13t 304-309 (1936). 




25. WATER: MOLECULAR DATA 


177 


wick and published by G. C. Hampson and R. J. B. Marsden,*^* and such 
results have been discussed by F. C. Frank and others. 

Polarizability of the Molecule of Water. 

By the polarizability of a molecule of a substance is meant that portion 
of the molecular electric moment that is induced per unit electrical field 
as a result of the relative displacement of elastically bound electrons. It 
is the quantity « occurrinp in Debye’s formula (e - l)/(e + 2)/» = 
{AvN /ZMy{oi + ii^/3kT) = a + b/T, [see Section 49, eq. (2)], and is 
related to the optical index of refraction n in accordance with the formula 
a = 4irAro/3Af = (n® — !)/(«* 4- 2)p For water (M = 180154), this 
gives 10»«« = 7096a = 7096(n® - l)/(n® + 2)p. 

The value for a that is to be preferred at present is 02262 cm*/g (see 
Table 175), which gives 10**0! = 1 605 cpse, or a = 1 60S (angstrom)*. 
On the other hand, using the values of rt for the D-line, as given in Table 
135 and of p as given in Table 93, one finds for 10. 20, and 30 “C the 
following values* a = 1 4628, 1 462|, and 1 461 tA*. respectively. F. Cen- 
namo *** obtained, from his own values of n, values essentially agreeing 
with these ; it should be noticed that the values he gives are of a, not of «. 
The dielectric constant of water vapor leads to « = 1 59A* for the vapor 
molecule (p. 49) ; and the optical index, to 1 .50 (p 49) 


Anisotropy of the Molecule of Water. 

For a discussion of the anisotropy of molecules, an explanation of terms 
and S3rmbols, and references to the general subject, see Section 9, 
Anisotropy, and J W Beams *** 

If the electrical moments induced along the principal electrical axes of 
the molecule by a unit electrical field parallel to those axes are A, B, and C, 
respectively, and if the magnetic moments similarly induced along the same 
axes are A', B', and C, then the factor (S) measuring the optical anisotropy 

+ B* + C® - (AB + BC + CA) 


of the molecule is 8 = 


and the mean 


(A + B + Cy 

susceptibility per molecule of the unmagnetized substance is ^ ae (A* + 
B' + C) /3 It is generally assumed that B = C, and that B' = C*, 
A being the gieatest of the three induced electrical moments. Then 8 = 

(^Lis.y 

\A + 2C/ 

anisotropy ; CJA' is commonly called the magnetic anisotropy, although its 
value is unity for an isotropic moleaile and zero for extreme anisotropy 
The data given hy M Ramanadham lead to the following values, 
that of 8 being taken from I R Rao ’** and based on the observations of 


ff = (A' -t- 2C')/3, and C [A' serves to define the magnetic 


«■ Beuns, J. W., Rtv Uoi Phynct. 4, 133-172 (1932). 

^ Runanadham, M, Indian J Phys , 4, 15-38 (1929) 

» Rao, I R , Idtm, 2, 41-26 (1928). 

WKildiata, K S , Phil Mag (6), SO, 697-715 (1925) 
laChindulkar. S. W., Miun J. Pkyt., «, 165-179 (1931). 
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K. S. Krishnan «»: S = 0.00553, A'/ff = 1.14, C'/A' = 0.81 if B' = C. 
These values rest upon his value ( — 1.1 X 10'*'*) for the coefficient of mag- 
netic birefringence, and that is numerically greater than the more recent 
values (— 03® X lO"**). From the latter, S. W. Chinchalkar *“ com- 
putes A’/ff = 1.05, whence CIA = 0.93 if B' = C. 

The value of 8 for water is only 1 /3 as great as that (0 0166) for water- 
vapor (cf. p. 50) . 


26. Interaction of Water and Corpuscular Radiation 

Alpha Particles. 

The range of alpha particles in water (liquid) at 15 ®C is given by 
W. Michl *®* as 32 microns for rays from Po, and by H. R. v. Traubenberg 
and K. Philipp and K Philipp as 60 microns for rays from RaC' 
(See S Meyer.*®*) 

The decomposition of water by alpha particles, and the nature of the 
products formed, have been studied by C. E. Nurnberger *®® 

Beta Rays. 

The coefficient of mass absorption of water (liquid) for the ^ rays from 
Ra-E is given by G. Fournier *®* as =174 cmYg ; that calculated by 
him from the absorption by Ha and O 2 on the assumption that the coeffi- 
cients of atomic absorption are not affected by the union of the atoms to 
form molecules is 160. He regards the difference as an evidence that 
water is abnormal. 

For luminescence excited by y3 rays, sec Section 39, Electron Lumines- 
cence. 


Neutrons. 

The coefficient of absorption of neutrons in water is /t = 0027 cm'*.*®* 
A table based on Fermi’s expression for the slowing down of neutrons by 
water has been published by G Horvay.*®* 

The scattering of neutrons by water has been studied by J R Dunning 
and G B Pegrain *®* and by M. Deisenroth-Myssowsky, I. Kurtschatow, 
G. Latyschew, and L Myssowsky.*'*® 


“Michl, W., Sftt Aiad Wut Wttn (Abt lla), 123, 1955-1963, 1965-1999 (1914) 

"v Traubenberg, H R, and Philipp, K, Z Phynk, 9, 404-409 (1921) 

» Philipp, K, /dm, 17, 23-41 (1923) 

Mejrer, S , Int Cm Tablet, 1, 367-369 (1926) 

‘•Nurnberger, C. E., / Phyt'l Chem, 3t, 47-69 (1934), J Chcm’l Phyt . 4, 697-702 (1936) 
!• Fournier, G , Compt rend , M3, 200-203 (1926) 


aro r’ Kurtadiatow, I , Latyachew, G , and Chramow, W , Phytik Z Sowj , S. 

472-486 (1935) In this article the name ol the last author is incorrectly spelled “(3ironww”, 
It is corrected later. They do not state the unit used for p, but it is probab^r the one (cm-’) 
tacrc BivcHs 


»• Homy, G , Phyt Rev (2), SO. 897-898 (1937) 

>• Dunning, J. R, and Pegram, G B, Phyt Rev (2), 49 , 768-769 (A) (1934) 

FotW .^,'*6S6^9*(’l935) “ ’ *^“'****"*®’'- * ■ G-. “d Myssowsky, L., Phyttk Z 
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27. Tensile Rupture of Water 


Although it has long been known tliat liquids can, under suitable con- 
ditions, sustain relatively great tensile loads, it is doubtful if a true tensile 
rupture of a liquid is observable, unless it is when a liquid is forced to flow 
at high speed through a constricted section of a tube, as described by 
O. Reynolds before the British Association for the Advancement of 
Science, in 1894. In all ordinary cases, the breaking of a column of liquid 
proceeds by a process of constriction arising from the action of surface 
tension , and when a column of liquid gives way under the action of a direct 
tension, the failure appears to occur at the liquid-solid boundary, not in the 
liquid itself unless that is known to contain a dissolved gas, in which case 
the failure seems to be associated with the presence at that point of a bubble 
of gas. Unless the principal radii of curvature (ri, rj) of the bounding 
surface are so small that the concept of an invariable surface-tension is not 
validly applicable to it, no element of liquid abutting upon a gas can sustain 

a tension exceeding 7' I 1- — \,T being the surface-tension. For exam- 

\»'i r.J 

pie, if it IS valid to apply the idea of an invariable surface-tension to bubbles 
000001 cm( = lOOOA) in diameter, then the presence of a bubble of air 
of that size when under the tension will, of itself, cause a column of water 
to break at a tension of about 30 atm, however much greater the true tensile 
strength of water might be. On the other hand, the effect of completely 
dissolved gas upon the tension to which water can be practically subjected 
seems to be negligible, as shown particularly by the observations of M. Ber- 
thelot,*’'^ H. H Dixon and J. Joly,'^"* and H. H Dixon Gas may also 
be the main cause of the observed failures at the hquid-sohd boundary. All 
the recorded work was done before the advent of modern methods for out- 
gassing solid surfaces. (See F. Donny,”® O Reynolds,”" and J Meyer.”^) 
Two procedures, mainly, have been used for determining the tension 
to which w'ater may be experimentally subjected. One is based upon the 
well known sticking of the mercury column to the top of a barometer when 
the tube and mercury are clean , it involves the determination of the length 
of the mercury column that can be similarly supported from a thin layer 
of water adhering to the top of the tube. This has been used by O Rey- 


Reynolds, O , "Papers on Mechanical and Hiysical Subjects,” Vol 2, pp 578-587, Cafflbridre 
Univ, Press, 1901 

»s Berthelot, M, Ann de chim et phys (3), 30, 232-237 (1850) 

«s Dixon, H. H, and Joly, J, Phx! Trans (B), 186, 563-576 (1895) 

Dixon, H H, Proe Ray Dublin Sac. 12, 60-65 (1909), Ann Report Snttthsontan Inst for 
1910, 407-425 (1911). , „ 

i»Donny, F, Ann de chioi et phys (3), 16, 167-190 (1846) = Xnn d Phystk (Pooo), W, 
562-584 (1846). „ ^ 

™ Reynolds, O , “Papers on Mechanical and Physical Subjects," Vol 1, pp 394-398, Cambridge 
Univ Press, 1900. 

™ Meyer, J , Abh dents Bnnsen-Ges , 3, No I, whole No 6, 1911 = "Zur Kenntniss des negn- 
tiven Druckes in Flussigkeiten," W Knapp, Halle, 1911 
Reynolds, O , /bid , pp 230-243, 394-8 
‘•Moser, J., Ann. d, Pkysik (Pogg ), 160, 138-143 (1877) 
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nolds,”* J. Moser,*''* and H. v. Helmholtz.*** Tensions up to 3 atm were 
observed (Reynolds). 

The other principal procedure was introduced by M. ISerthelot *'* and 
is more suitable for detailed investigations. In this, the liquid is enclosed 
in a sealed tube which it nearly fills, by careful heating, the liquid is 
expanded until it completely fills the tube, exerting upon it a moderate 
pressure, then the temperature is slowly reduced. For a time, the liquid 
continues to fill the tube completely, but presently gives way with a snap, 
returmng to the unstressed volume appropriate to the existing temperature. 
From the cliange m volume, Berthelot mferred that he liad subjected water 
to a tension of 50 atm. The water was known to contain a small amount 
of dissolved air. 

Improved apparatus employing Berthelot’s procedure lias been described 
and used by A. M. Worthington*** and by J. Meyer*" but the tensions 
did not exceed 34 atm. Meyer r^ortcd tliat the cooling curve is discon- 
tinuous at the instant of rupture. 

H. H. Dixon **'* has subjected water containing dissolved air and fibers 
of wood to a tension of nearly 160 atm, using Berthelot’s method. That 
IS the highest recorded value tliat lias been found. 

From the adherence obseived when flat, polished steel surfaces, very 
slightly wet with water, are wrung together, H. M. Budgett ***“ concluded 
that the tension on tlie w’ater at the time of rupture approached 60 atm. 
Before being placed together, the surfaces were wiped until they appeared 
dry to a casual observer. The water remaimng on them formed isolated, 
iiucroscopic drops. After wringing them together and then sliding them 
apart, it was found tliat the drops liad been drawn out into thin parallel 
lines. It was estimated tliat the area of tlie ruptured surface of water did 
nut exceed 1/10 of the complete area of the steel surface. By actual test. 
It was found that the surfaces would not adhere unless there was a minute 
quantity of liquid between them, and tliat their adherence was essentially 
the same m vacuo as in the free atmosphere. 

O. Reynolds *'* observed tliat, when water is forced through a tube 
having at one point a short length of greatly constricted cross-section, a 
characteristic hissing is heard if the velocity exceeds a certain value. He 
described such experiments at the meeting of the British Association, in 
1894, and attributed the hissing to the boiling of tlie water under the reduced 
pressure existing at the constriction. Were that the correct explanation, 
the hissing would begin at a very low velocity if the temperature of the 
water were nearly 100 "C. This has been tested by S. Skinner and F. Ent- 

w * Bclmliolti. H , Vnk. dni phynk. Gtt. (Strlm), 16-18 (1887) • “Win. Abband.,” 3, 
364-266, Leiptii, J A. Barth, 18»5. 

» Wotthiagtao, A. H. PhiL Tmu. (AI. Ill, 355-370 (1892). 

lai. Bodtett. H. M., Ptve. Roy. Soc Lomdon (A). Mk 25-35 (1912). 
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wistle.^** They found that the velocity at which hissing begins is not zero 
at 100®, but over the range studied (12 to 99 ®C) is essentially proportional 
to (#« — #), indicating that it vanishes at, or near, the critical temperature 
(fe). From this they concluded that the hissing arises from collapse fol- 
lowing a true rupture of the water, and that the tensile strength of water 
vanishes at a temperature near the critical. 

J. Larmor has shown that if the van der Waals equation continuously 
applies, the tensile strength of the liquid will vanish if the temperature 
equals or exceeds (27/32) T,; which for water is 273 ®C. 

See also E Askenasy,^*^ G A Hulett ; and the compilation by T. F 
Young and W. D. Harkins 

28 Internal Pressure of Water 

By the internal pressure of a liquid is meant the mean force of molecular 
attraction per cm® required to maintain the molecules at their existing aver- 


Table 81. — Internal Pressure of Water 

Pt = internal pressure , P — external pressure , v/vm — ratio of the 
specific volume at 1 and P to that at 20 ®C and 1 kg*/cm® ; T °K = absolute 
temperature 


Unit of Pand P<-1 mega8rnm*/cni»— JOOOkg*/em*-9S7 8atm. Itmp ■•l•C 


Methc»d««^ 

P 

State 

- 1 kR*/CTn« 

LtHt 

Viae ' 


— taometncA — 


Re(»-* 

s 

H 



TR 


t 


Pi 


t 

P 

Pi 

0 

11.66 

12.69 

72 6 


p/p.t- 2.11 


10 

11 60 


74 6 

525 

1 692 

9 688 

20 

11 SO 

12.49 

71.3 

575 

2.348 

7.632 

30 

11 44 

12.32 

68 0 

625 

2.819 

3.701 

40 

11 .35 

12.17 

57 2 


vIvk - 2.13 


SO 

11.24 


49.7 

525 

1.640 

9.190 

60 

11.13 

11.84 

43.8 

575 

2.278 

7.852 

70 

11.02 


39.0 

625 

2.762 

3.858 

80 

10.92 

11.45 

35 2 


vAta - 2.18 


90 

1081 


31 9 

525 

1.508 

8.312 

100 

10.71 

11.04 

25.9 

575 

2.082 

6.948 

120 


10 60 


625 

2.565 

5 235 

140 


10.11 



p/9m > 2.25 


160 


9.63 


525 

1.368 

7.202 

180 


914 


575 

1.876 

6.264 



Other values* 


625 

2.323 

5127 


• Methods LtHt = from the latent heat of vaporization State = from an equation 
of state and the critical temperature Vise = from the viscosity. 

• References : 

H Herz, W , Z Elektroch . 32, 210-213 <1926) 

L Lederrr, E. L . Kott Brih . 34, 270-338 (1932) 

S Srhuster. F, Z anarq allgtm chrm, 146, 299-304 (1925) 

TR Tammann, C , and RChenbeck, A, Ann d Phynk (S), 13, 63-79 (1932) 

• From the effect of solutes upon the co^ressihility, P G Tail,”* concluded that 
Pi = 57 at room temperature P Walden* computed for Pi at 100 *C the values* 
11 0 from the latent heat, 84 from van der Waals’ equation, and 4 4 from the surface 
tension 
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age distances in opposition to the pressure arising from the thermal agita- 
tion of the molecules. Estimates of its value have been inferred in several 
ways from other types of data, it cannot be directly measured. See 
Table 81. 

29. Viscosity of Water 

From a consideration of all pertinent data available in 1924, N. E 
Dorsey concluded that the values for the viscosity of water given in 
Tables 82, 85, and 86 are the best that can be derived from those data They 
are the result of an entirely independent study of the recorded data, and 
involve many complete recomputations In a forthcoming paper, the pro- 
cedure followed will be described in some detail, and replies to certain criti- 
dsms of the conclusions reached will be given 

Those values for the range 0 to 100 °C at 1 atm differ by a few tenths 
of a per cent, usually in excess, from the corresponding ones published 
earlier by E. C. Bingham and R. F Jackson,^*® and have been criticised 
by Bingham ‘®® The greatest difference is nearly 0 5 per cent, and occurs 
near 17 “C (see Table 84) As the Bmgham-Jackson values have been 
much used in the standardization of viscosimeters, they are here reproduced 
in Table 83, and compared with others in Table 84 In very many cases 
the precision of the measurements relative to water is such that the differ- 
ence between these two sets of values is of no consequence, but in every 
case it is very desirable that both the temperature and the assumed vis- 
cosity of the water be explicitly stated so that future investigators may know 
how the results should be revised in order to correct them for any error 
that may have been discovered in the value of that assumed viscosity 
P. Leroux ascribes an uncertainty of not over 1 in 200 to his elabo- 
rate determinations in the range 1 5 ®C to 44 5 °C , hut their variation with 
the temperature is quite different from that of the values obtained by others 
It is believed that this discrepancy is due to errors in the temperatures, as 
the method by which he inferred the temperature of the water is not satis- 
factory, and the discrepancy is such as would exist if the recorded tempera- 
tures were, in each case, intermediate between the actual temperature of 
the water and that of the room, its difference from the actual temperature 
of the water increasing as that departs more and more from the temperature 
of the room, whether above or below. His values are omitted from this 

Skinner, S, and Entwiirtle, F, Proc Roy Soc (I onion) (A), W» 481-485 (1915) 
>**Larmor, J, Proc Land Math Soc (2), 183-191 (1916) 

^Atlcenasy, E, I’trh Natnrktst medtr I rrctns (Hndelberg) (N F 429-448 (1896) 

G A. fhystk Chrm 42, 353-368 (1903) 
sMYoanff, T F, and Harkins, W D , /fit Cnt Tobies, 4, 434 (1928) 

^Tait, I* G, Betbt tu Ann d Phys , 13, 442-445 (1889) s- Results Voyage Ckallengtr, ‘^Phys. 
and Chein ", Vol 2, part 4, Proc Roy ^oc Fdinlntrpk, 15, 426-427 (1888) 
u« Walden, P. Z pkynk Chem, U, 385-444 (1909) 

» DoTMy. N E, Int Cni Tobies, $, 10 (1929) 

*** Bingham, E. C, and Jackson, R F, Ball Bar Stand, 14, 59-86 (SP296, Aug, 1916) (1919) 
Bingham. KL C, J Rheology, 2, 403-423 (1931) 
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compilation. The only other sets of careful determinations of the viscosity 
of water that have come to the author’s attention since 1924 are those given 
in sections II and III of Table 85. The determinations by G. A. Hawkins, 
H. L Solberg, and A. A. Potter are not satisfactory. The effect of 
eddies in the wake of the falling body has been ignored, and the temperature 
coefficients used for their instruments seem to be in error. 

From observations by himself and by Beilby, L. Hawkes inferred 
that the viscosity of water increases very greatly as the temperature is 


Table 82. — Viscosity of Water: 0 °C to 109 °C 

From compilation “ by N E. Dorsey.^*® See also text and Table 83. 

The uncertainty in the tabulated values is probably of the order of 0 1 
or 0.2 per cent between 0® and 40 °C, and of 0 5 to 1 per cent between 
40 °C and 100 °C. Pressure = 1 atm Temp = (ti + < 2 ) ®C. 


Unit of riacoffity (q) — 1 nullipone-O 001 cgs unit 


#8-* 

in 

0“ 

1® 

2* 

3® 

4“ 

5® 

6“ 

7“ 

B® 

9“ 

*1 

0° 

17 94 

17 32 

16 74 

1619 

15 68 

15 19 

14 

73 

14 29 

13 87 

13 48 

10 

13 10 

12 74 

12 39 

12 06 

1175 

1145 

11 

16 

10 88 

10 60 

10 34 

20 

10.09 

9 84, 

9 60. 

9 38. 

9.16, 

8 94, 

8 

74. 

8 55, 

8 36, 

8 18, 

30 

8.OO4 

7.83, 

7 67. 

7.51, 

7 35, 

7 20, 

7 

06. 

6 92, 

6 79, 

6 66, 

40 

6 53. 

6 41. 

6 29, 

6 18, 

6 07, 

5.97, 

5 

86, 

5.77, 

5 67, 

5.58, 

SO 

5 49 

540 

5 32 

5 24 

5 15 

5 07 

4 

99 

4 92 

4 84 

4.77 

ao 

4 70 

4 63 

4 56 

4 50 

4 43 

4 37 

4 

31 

4.24 

4 19 

4 13 

70 

4 07 

4 02 

3 96 

3 91 

3.86 

3 81 

3 

76 

3 71 

3 66 

3 62 

80 

3 57 

3 53 

3 48 

344 

340 

3.36 

3 

32 

3 28 

3 24 

3 20 

90 

3.17 

3.13 

3 10 

3 06 

3 03 

2 99 

2 

96 

2 93 

2.90 

2.87 

100 

2 84 

2 82 

2 79 

2 76 

2.73 

2.70 

2 

.67 

264 

2 62 

2.59 


* Based on the observations of 

Bingham, E C, and White, G F, Z phys\k Ckvm , 80, 670 6K6 (1912); Grotrian, O, Ann 
d Phyjik (U'ud), 8 , 529-554 (1879), Hcydweiller, A. Idem, 59, 193-212 (1896), Ho*mg, R, 
Phil Mag (5). 49, 274-286 (1900), Idem (6), 7, 469 484 (1904), Idem, IT, 502-520 (1909), 
Idem, 18, 260-263 (1909): / and Proc. Roy Soc , N S PPalee, 42, 34-36 (1908), Idem, 43, 34-38 
(1909); Lyle, T R , and Hoahing, R, Phil Mag (6), 3, 487-498 (1902), Dr Puiseuille, Udm 
Savans Etrang Inst Paru, 9, 433-544 (1846), Compt rend, 11 961-967, 1041-1048 (1840), 
12, 112-115 (1841), Idem, U, 1167-1187 (1842). Slotte. K 1', Ann d Physik (H'lrd ), 20, 257- 
267 (1883), Sprung, A, Idem (Pogg ), 159, 1-35 (1876), Thorne. T E., and Rodger, J W, Phil 
Trans (A), 18^ 197-710 (1894), and Washburn, E W, and Williams, 0 Y, 7 Am Chem Soe , 
35, 737-750 (1913) 


i»Lerou]C, P, Compt rend, 180, 914-916 (1925), Ann de Phys (10). 4, 163 248 (1926) 
ra> Hawkins, G A, Solberg, H L, and Potter, A A, Trans Am Soe Meek Eng, SI, 395-400 
(FSP-57-11) (1935) 

us Hawkes, L, Nature, 123, 244 (1929) 

>« Dufour, L , Ann d Physik (Pogg ), 114, 530 554 (1861) 
us Sorby, H C , Phd Mag (4), 18, 105-108 (1859) 
us Davy, Sir Humphry, Phil Trans, 

143 (1822) Annals Phil, (N. S ), ^ 43-49 (1823) 

»> Konig, W , Ann d Physik (Wied ), 25, 618-625 (1885) 

us Dufour, H, “Stances Soc Fr de Phys.," pp 6-7, 1887, reviewed in Lum Eleetr , 23, 337 
(1887). 

usRaha, P. K, and (Aatterjee, S D, Indian I Phys, 9, 445-454 (1935) 
sssTranta, M, and FrSschel, E, Ann d Physik (3), 22; 223-246 (1935) 

Packer, G„ and Finaazi, L, Alti R. 1st. Vtneto di Sci. Let, Arti, 89s = (S), %, 389-402 
(1900) 

•“•Quincke, G, Ann. d Physik (fVied ), 62, 1-13 (1897) 
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Table 83. — Viscosity of Water; 0 °C to 100 °C 

Bingham and Jackson 

Their values for the viscosity (y) are those defined by the formula 
y ^ + 120 = 2 1482 {(t - 8435) + v'80784 + (f - 8 435)®}, in which 
the values of the constants were so determined as to fit a formula of this 
form to a certain set of mean values derived by them from the data available. 


XJnit of 1 miUipoiM^O^l egs unit Temp * (/i+<i)"C 


ir 

0 

1 


2 

3 

4 

5 


6 

7 

8 

9 

0 

17.921 

17.313 

16 

728 

16 191 

15.674 

15 188 

14 

728 

14.284 

13 860 

13.462 

10 

13.077 

12 713 

12 

363 

12 028 

11 709 

11 404 

11 

111 

10 828 

10 559 

10 299 

20 

10.050 

9 810 

9 

579 

9 358 

9 142 

8 937 

8 

737 

8 545 

8 360 

8.180 

30 

8.007 

7 840 

7 

679 

7.523 

7.371 

7 225 

7 

085 

6 947 

6.814 

6 685 

40 

6.560 

6 439 

6 

321 

6.207 

6 097 

5 988 

5 

883 

5 782 

5 683 

5.588 

50 

5.494 

5.404 

5 

315 

5 229 

5 146 

5.064 

4 

985 

4 907 

4.832 

4.759 

60 

4 688 

4 618 

4 

550 

4 483 

4 418 

4.355 

4 

293 

4 233 

4.174 

4.117 

70 

4 061 

4 006 

3, 

,952 

3 900 

3 849 

3 799 

3 

750 

3.702 

3 655 

3.610 

80 

3 565 

3.521 

3 

478 

3 436 

3.395 

3 355 

3 

315 

3 276 

3 239 

3 202 

90 

3.165 

3 130 

3 

095 

3 060 

3.027 

2 994 

2 

962 

2 930 

2 899 

2.868 

too 

2.838 













Table 84. — Viscosity of Water: Comparison of Values 

A comparison of (B) the Bingham and Jackson values of Table 83 with 
(D) those of Table 82 and with (M) Bingham and Jackson’s “mean” of 
certain deterniinations Those means seem to have served as the bases for 
the determination of the values of the 4 adjustable constants in their for- 
mula. The D values are here given as in IntermUonal Critical Tables; 
the last figure has no significance. 


Unit of If w 1 micropoise 10~* cgi unit 


1 

M-B 

M 

B 

D 

D-B 

< 

B 

1) 

D-B 

0 

- 34 

17887 

17921 

17934 ' 

+ 13 

10 

' 1.3077 

” 13097 ' 

+ 20 

5 

- 33 

15155 

15188 

15188 

0 

11 

12713 

12733 

+ 22 

10 

- 16 

13061 

13077 

13097 

+ 20 

12 

12363 

12390 

+ 27 

15 

+ 2 

11406 

11404 

11447 

+ 43 

13 

12028 

12061 

+ 33 

20 

- 4 

10046 

10050 

10087 

+ 37 

14 

11709 

11748 

+ 38 

25 

+ 4 

8941 

8937 

8949 

+ 12 

15 

11404 

11447 

+ 43 

30 

+ 12 

8019 

8007 

8004 

- 3 

16 

mil 

11156 

+ 45 

35 

- 20 

7205 

7225 

7208 

- 17 

17 

10828 

10875 

+ 47 

40 

- 27 

6533 

6560 

6536 

- 24 

18 

10559 

10603 

+ 44 

45 

- 30 

5958 

5988 

5970 

- 18 

19 

10299 

10340 

+ 41 

50 

+ 3 

5497 

5494 

5492 

- 2 

20 

10050 

10087 

+ 37 

55 

+ 8 

5072 

5064 

5072 

+ 8 

21 

9810 

9843 

+ 33 

60 

+ 13 

4701 

4688 

4699 

+ 11 

22 

9579 

9608 

+ 29 

65 

+ 4 

4359 

4355 

4368 

+ 13 

23 

9358 

9380 

+ 22 

70 

+ 1 

4062 

4061 

4071 

+ 10 

24 

9142 

9161 

+ 19 

75 

- 5 

3794 

3799 

3806 

+ 7 

25 

8937 

8949 

+ 12 

80 

- 9 

3556 

3565 

3570 

+ 5 

26 

8737 

8746 

+ 9 

85 

- 14 

3341 

3355 

3357 

+ 2 

27 

8545 

8551 

+ 6 

90 

- 19 

3146 

3165 

3166 

+ 1 

28 

8360 

8363 

+ 3 

95 

- 13 

2981 

2994 

2994 

0 

29 

8180 

8181 

+ 1 

100 

- 17 

2821 

2838 

2839 

+ 1 

30 

8007 

8004 

- 3 
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Table 85. — Viscosity of Saturated Water Below 0 °C and above 100 °C 

Unit of II = 1 mp 0 001 cgi unit, of Ptu = 1 kg*/ciu‘ ^ 0 9678 atm Temp. > ( *C 

I. Adapted from a compilation by N. E. Dorsey *** ; see text. For 
t < 0 °C, values are by G. F. White and R. H. Twining,®*® corrected and 
adjusted to accord with the values in Table 82 For t > 100 ‘’C, values are 
from a table given by Heydweiller *** , they are based on observations by 
M. de Haas and have been so adjusted as to fit smoothly with the values 
tabulated by Thorpe and Rodgers (see Table 82, references) for tempera- 
tures below 100 °C. The three observations by de Haas (2.232 at 124.0 °C, 
1.925 at 142.2 °C, and 1805 at 153 0®C) seem to be the only direct 
determinations of ^ at t > 100 "C that had been made before 1931 (cf. 
M. Jakob®®*). 


1 

Pm 

V 


1 

Pm 

V 

- 2 

0 0054 

19.1 


no 

1 46 

2.56 

-4 

0 0046 

20 5 


120 

2 02 

2.32 

-5 

0 0043 

21.4 


130 

2 75 

2 12 

- 6 

0 0040 

22 0 


140 

3 68 

1.96 

- 8 

0 0034 

24 0 


150 

4 85 

1 84 

- 10 

0 0033 

26.0 


160 

6 30 

1.74- 

IT 

Adapted from K Sigwart®®® 




t 

Pm 

y 


1 

Pm 

? 

100 

103 

2 83 


275 

60 7 

1 04 

125 

2 37 

2 28 


300 

87 6 

0,95- 

ISO 

4 85 

1 86- 


325 

123 0 

084 

175 

9 10 

1 58 


350 

168 6 

0.71 

200 

15 9 

1.36- 


360 

190 4 

0.63 

225 

26 0 

1 23 


370 

214 7 

0.53 

250 

40 6 

1 13 


374 

225 2 

0.378 

III 

V Shugayev ®- 

® lia.s reported the 

following values 


t 

115 5 143 5 

1565 

1600 

173 0 

196 5 210 0 

•c 

V 

2 86 2 01 

187 

162 

155 

1 42 1 30 

mp 

* From the observed mobility of electrolytic 

ions, G 

V Hevesy “ 

inferred 

values 71 

. = 1 79 at 156 °C, 

1 21 at 218 

•C, and 0 92 at 306 "C 



“Duff, A W, Phyi Kev. 4, 23-38 (1896) 

KimurBf O , Bull Chem Soe Japan, 12$ 147 149 (1937) 

■■Trautz, M> and Froschel, E, j4nn d Phystk (5), 22, 223-246 (1935) 

■“Bulkley, R. Bur 9tand J Res, t, 89-112 (1931) 

Bowden* F P. Fhystk Z d StJWj , 4, 185-196 (1933) 

** BastoWp S H, and Bowden, F P, Proc Roy Soc (London) (A), 151* 220-233 (1935) 
Bowden and Bastow. Saturc, 135* 828 (L) (1935) 

■■ Macanlay* J M , Nature, 138t 587 (L) (1936) 

Ostwaldp W , and Genthe* A , Zool Jahrb Abth f System , Ccog , Btol d Thtere, 18* 
3-15 (1903) 

n^Krummel, O, and Ruppm* E, IPusensch Meeresunters (N h ), 9, 27-36 (1906) 

*** Macleodp D. B» Trans Paraday Soe, 21* 145-l50» 151-159* 160-167 (1925) 

•w Shanna* R. K , Chem, Abs , 20. 2267 (1926) Quart J Indian Chem Soe , 2, 310-311 (1925) 
■“Her*, W,, Z anorg allgem Chem, 168* 89^2 (1927). 

■“ Sdvennan, D» end Roseveare* W E* / Am, Chem Soe, S4» 4460 (1932). 

■“Lederer* E L* KolL-Beth, 34, 270-338 (1932). 

Frenkd* J * Aeto Physteoehtm URSS, 3* 633-648 (1935). 
u Vniite* G. F * and Twining* R. H.* Am Chem, J*, 50* 380-389 (1913). 
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Table 86. — Viscosity of Compressed Water 

(For viscosity of saturated water {P = Pi«t) see Table 85) 

In Section I are given directly the values of the mean pressure coeffi- 
cient of viscosity from 0 to P, from that and the value of i; at 1 atm 
(essentially zero pressure) as given in Table 82, the viscosity under the 
pressure P can be computed In Section 11 is given the only available set 
of data for compressed water above 100 °C. 


Unit of 9 « 1 mp — 0 001 g/cm sec — 0 001 cgs unit, o( P = X kg*/cm* — 0 9678 atm, 
of A 10“* per kgVcm** Temp — t *C 


I. Adapted from a compilation by N. E Dorsey with the addition 
of computed values. 

From their study of the viscosity of aqueous solutions, G. Tammann 
and H Rabe inferred that Bridgman’s (1926)“ values for water at 10 °C 
are in error, and set up expressions for the variation in the viscosity of 
water with the pressure, valid for P ^ 2000 kg^/cm-. Those expressions 
are equivalent to the following: 10''(i7 — ijo)/ijoP= 10®ife = — 1349 + 
0 05778P at 0 “C, - 37 63 + 002430P at 10 “C, -1- 41 91 -I- 0 01054P at 
30 “C, and + 82 7 at 75 °C. Later, E L. Lederer "® set up the following 
equation for water . 


logioCilAo) + *P) = 


1 650P 1369Plogi„T 
lOOOr ' 10® 


01300<r^ 

where /s 10 “(13.50/®) -1- , temperature = C, T = 273 + t °C, and 


unit of P = 1 kg*/cin® They also tabulated the values of U)g,„(Tj/7;„) so 
computed for the values of P and T appearing m Bridgman's table From 
these tabulated tables and from Tammann and Rabe’s expressions were com- 
puted the several values of k here appearing under the heading “computed ’’ 
The observations of J Sachs and of E Warburg and J Sachs,®** 
indicate that 10-«1> = - 'l70 per kg*/cnr at 20 '’C for P ^ 150 kg*/cm® 
This does not agree with the other oWrvations 

V — ’/o(l + kP), where rj and refer to the same temperature, but the 
first refers to the pressure P and tlic second to zero pressure, which may 
for our present purposes Ik: taken as 1 atm From the k here given and 
the value of i/„ as given in Table 82, may lie computed For example, 
here we find for 30 “C and P = 10000 kg*/cm®, k = -1- 117 X 10-“ per 
kg*/cm® . from Table 82 we find - 8 00, mp at 30 “C Whence at 30 °C 
and 10000 kgVcm®, 17 = 8004(1 + 117 X 10'“ X 10000) = 8004(2 17) = 
17 4 mp 


“• Heydwcillfr, A, Ann i Ph],jik (Hied), 9, 193-212 (18961 
Haas, M , Comm Phis Lab Leiden, 12, 1-8 (1894). 
•“Jakob, M. Enstneerinf (London), 133, 744-746. 800-804 (1931) 
•“Sigwart, K, Forsek Gebiete Intenienrte . 7, 125-140 (1936) 
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Table 86. — (Continued) 


II From K Sigwart.®** 


t-9 

100 

125 

150 

175 

200 

225 

250 

275 

300 

Pm—9 

p 

103 

2 37 

4 85 

9.10 

15 9 

26 0 

406 

60.7 

87 6 

Pms 

2.83 

2.28 

1 86 

1 58 

1.36 

1 23 

1 13 

1 04 

0.95 

SO 

2.94 

2 30 

1.88 

1.60 

1.38 

1.24 

1 14 



100 

3.01 

244 

1 94 

1.64 

141 

1 26 

1 15 

1 05 

0 96 

200 

3.24 

2 53 

2 03 

1 70 

146 

1.28 

1 19 

1 08 

0.99 

300 

3 43 

2 67 

2 14 

1 76 

1 51 

1 32 

1 21 

1 11 

1 02 

f-* 

325 

350 

360 

370 

374 

400 

410 

430 

450 

Pnl—* 

P 

123 0 

168.6 

190.4 

214 7 

225 2 





Pm, 

084 

0 71 

0 63 

0 53 

0.31S 





200 

0 89 

0 75 

0 66 







300 

0.93 

0.82 

0 76 

0 71 

0 69 

0.40 

0 33 

0.29 

0 28 


* References : 

B Bridenisji, P W. Proc Am Acad Arts Set, 61. 57-99 (1926), Prec Nat Acad 
Sci., 11, 603-606 (1926) 

C Cohen, R, Ann. d Pkystk (Wted ), 45, 666-6S4 (1892) 

R Rantgen, W C, Idem, 22, 510-S18 (1884) 

Other! are given at he^ of table 

* At 9 ’C 

* At 1 ’C 
‘At 23 •€ 

* For the range SO *C to 80 *C 


Table, 87. — Viscosity of Sea-water-*® 

Salt content is s grams of salt per kg of sea-water, >/ = viscosity of the 
sea- water, ijo = viscosity of pure water at 0 °C, m = viscosity of pure water 
at t °C as given in Table 82 The second half of the table has been com- 
puted from the first, by the present compiler 



s 

10 

20 

30 

40 

5 

10 

20 

tOOOn/v, 

1032 

)0 

40 

0 

1009 

1017 

1032 

1045 

1059 

1009 

1017 

1045 

1059 

5 

855 

863 

877 

891 

905 

1010 

1019 

1036 

1052 

1069 

10 

738 

745 

758 

772 

785 

1011 

1020 

1038 

1057 

1075 

15 

643 

649 

662 

675 

688 

1008 

1017 

1037 

1058 

1078 

20 

568 

574 

586 

599 

611 

1010 

1021 

1042 

1065 

1086 

25 

504 

510 

521 

533 

545 

1010 

1022 

1044 

1069 

1093 

30 

454 

460 

470 

481 

491 

1017 

1031 

1053 

1078 

1100 


■•Shiigayev, V, Ckem Abt , 29, 2804 (1935)*-/ Txp Thco Pkvs (USSR), 4, 760-765 
(1934), 

Hcvesy, C V . Z Elrklrark , 27. 21-24 (1921) 

>*Tamfnann» G, and Rabe. II ^ anorp allprm chrm , 168| 73-85 (1927). 

"•Ledcrer, E L* Kt^I Beih , 34, 270-338 (1932) 

** Saebs, J, Dus, Fretburg, 1883 

■■Warburg, E, Sachs, J, ainn d Physik (IVted ), 22, 518-522 (1884) 

■■Haiiaer, L, Ann d Phvs (5), 5, 597-632 (1901) 

■* Kr&mmel, O. and Ruppin, E, IVusensck Mesrtsunttrs, (N F ), 9 , (Abi K%el) 27-36 
(1906) KrQmmd, O., **Hana^ d Oteanof,*' Vgl. 1, 1907, Vol 2, 1911 




29. WATER; VISCOSITY 


189 


reduced from — 9°C to —12 °C, and that water becomes a vitreous solid 
at — 17 “C. But tliat is incorrect. It is incompatible with the data in 
Table 85, and is completely at variance witli the compiler’s observation that, 
to all appearances, water is essentially as mobile at —20 °C as it is at 0 °C. 
Furthermore L Dufour stated that he had observed suspended drops of 
water to be fluid (flussig) at —20 °C, and the observation of H. C Sorby 
that the mobility of the clear liquid enclosed in small cavities in natural 
quartz is essentially the same at — ^ °C as at room temperature has been 
quoted as evidence that water is quite mobile at —20° C, and was so inter- 
preted by him. The opinion, sometimes expressed, that such liquid inclu- 
sions are probably COj, not water, is contrary to the observations of Sir 
Humphry Davy (see p 642). 

Effect of Various Factors. 

Magnetic Field — W. Komg found that a magnetic field of 6300 to 
7300 gauss transverse to the direction of flow of a solution of a paramagnetic 
salt produced no observable change m the viscosity of the solution. 
H. Dufour thought that he had observed that a transverse magnetic field 
decreased the viscosity of mercury, but as pointed out in the review, his 
observations are probably to be explained by the force exerted by the field 
on the flowing mercury P. K Raha and S D. Chatterjee,‘*® using 
transverse fields up to 35000 gauss found no change for water, but definite 
changes for certain organic substance.s — ^for some an increase, for others a 
decrease. For a review of the subject, see M. Trautz and E. Froschel.***® 

Electric Field. — G Pacher and L. Finazzi have found tliat an electro- 
static field of nearly 27 kilovolt/an transverse to the direction of flow of 
water produces no observable change m the viscosity. With other liquids 
the observed rate of flow in the field was very slightly different (not over 
3 in 10,000) from that with no field, sometimes greater, sometimes less. 
They concluded that there is no true effect. This agrees with the observa- 
tions of W. Komg but not with tlie conclusions i cached by G. Quincke 
and by A. W. Duff,*®* which seem to be incorrect. ( See criticism bj Pacher 
and Finazzi®®^). For a solution of stearic acid in benzene O. Kimura®®* 
observed a marked increase in the viscosity. M Trautz and E. Froschel ®®® 
have reviewed the subj'ect. 

Adjacent Solid. — ( See also p. 512+ ). Some have suggested that when a 
viscous liquid is flowing over a solid there is a layer of the liquid of appreci- 
able thickness, next to the solid, that remains at rest. But R. Bulkley ®®® 
has found that in the case of oils, m which the effect should be especially 
pronounced, the thickness of such a stationary film does not exceed 0 02 p 
to 0.03 /( (1 /t = 0.0001 cm). Similarly, F. P. Bowden ®®'' has been unable 
to find any evidence of surface forces acting at measurable distances; he 
could not work at distances smaller than 01 to 0 2 jt, but was certain that 
there is no such long-range effect (up to 50/») as some have reported. 
These results were confirmed by S. H Bastow and F. P Bowden.®®* They 
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state: "No sigti of induced rigidity was detected in liquids at a distance of 
lOOOA [0.1 It] from the surface even at temperatures near the freezing 
point All the liquids investigated, except liquid crystals, were unable to 
withstand the slightest pressure without normal flow.” Within experimental 
error, the viscosity of the thin film was the same as that of the liquid m 
bulk 

Although J M Macaulay*®* was undecided whether the high value 
{Oil poise) that he computed from the rate at which water at'16°C 
entered the gap between two parallel plates separated by 0.25 /» should be 
accepted as the actual value of the viscosity under those conditions, it seems 
most probable that it should not 

Dtssolved Gas. — ^W. Ostwald and A. Genthe *^® have studied the effect 
of dissolved gas on the viscosity of water at 20 °C, and found as follows, 
»/o being the viscosity of gas-free water 

Gas N, 0=. CO. CH. 

v/tK, 1017 0990 1 007 0 998 

Their report is lacking m detail Kuppin found that the viscosity at 20 °C 
of air-saturated water is the same as that of gas-free water (see O Krum- 
mel and E. Ruppin 

Relation between Viscosity and Other Properties. 

Certain empirical and semitheoretical relations between the viscosity and 
other properties of the liquid have lieen proposed and discussed by D B 
Macleod,*’* R K Sharma,*’* W. Herr.-’^ D Silverman and W E Rose- 
veare ,*** and E L Lederer 

The theoretical expression rj = ATe derived by J Frenkel*” for 
the temperature variation of the viscosity of a liquid does not represent the 
observations on water 


30. Rigidity of Water 
(See also p 189) 

F. Michaud *'*’ has found that as the concentration of a jelly is progres- 
sively decreased, the riguht) liecomes zero before the concentration does 
This shows that the rigidity of water is zero. Like J. Cohn,*'** he quite 
disagrees with the conclusion of T Schwedoff *** regarding the rigidity of 
liquids 

B Derjaguin**^ has published the following values for the rigidity of 
very thin films of water' 

Thickness of film 0 089 0093 0137 0 150 

Rigidity 19 17 004 0 KygVcm* 

He suggests that the rigidity arises from chains of hundreds of oriented 
molecules extending from the solid boundaries into the liquid Hts obser- 

Mtchmid. F , Ann it Phfi (9), U, 63-80 (1933) 
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vations are at variance with those of R. Bulkley®*® on the viscous flow of 
oils, in which such chains might be expected and had been thought to exist. 
Bulkley found that adjacent to a solid wall there is no stationary film as 
much as 0.03 in thickness Behavior similar to that observed by Der- 
jaguin would have resulted if the water had contained minute solid particles 
in suspension. 

More recent work by F. P. Bowden and S H. Bastow,*®® B. Derja- 
guin,*®® and J. M. Macauley ®®® does not necessitate any change in the pre- 
ceding statement. 

31 Acoustic Data for Water 

The greatest amount of vibratory energy that water at atmospheric 
pressure can transmit without cavitation is about 0 3 watt per cm®.*®® 

Velocity of Sound in Water. 

The velocity of sound in water increases with tlie temperature to a 
maximum near 75 °C, and then decreases In general, the velocity m other 
liquids decreases continuously 

Until 1927, the values obtained for the velocity of sound in water far 
from its boundaries, and for the variation of that velocity with the temper- 
ature, were quite discordant (cf A L Foley®”). This was due in large 
part to the measurements having lieen made in vessels that were not large 
as compared with the wave-length of the sound employed, so that a large, 
complicated, and unsatsifactorily detennmed correction had to be applied 
to the observed velocity to eliminate the effect of the walls of the vessel 

In 1927, J C Hubbard and A I., Loomis®®* published a very con- 
cordant set of preliminary data for frequencies (v) of 200 to 400 kilocycles 
per second, and for temperatures of 5 to 35 °C At such high frequencies, 
the waves are so short that containing vessels of moderate size produce no 
effect upon the observed velocity This was followed the next year by a 
final report, in which the range was 0 to 40 °C And more recently, at 
this Bureau, very careful determinations have Ix'en made by C. R, Ran- 
dall,®^® at V = 750 kilocycles/sec In that work, the water was boiled in 
Pyrex glass immediately before being introduced into the apparatus, and 
extreme care was taken to ensure that the apparatus and contents had 
attained the temperature of the bath before measurements were made. The 
bath was thermostatically controlled to within =*= 0.02 °C The uncertainty 

"Colin, J, Compt rend, IM, I2S1-I253 (1893) 

■» Schwedoff, T , J de Phyi (2), t, 34I-1S9 (1889), f, 34-46 (1890), fSJ, I, 49-53 (1892). 
"Derjaguin, B, Z Phynk, 84 , 657-670 (1933), Phynk Z d Sawj , 4 , 431-432 (1933) 
"Dorjagum, B. Nature, 138, 330-331 (L) (1936) 

"Florision, C, Bull Soe Beige tied, 82, 165-170, 263-278, 339-348 (1936) 

"Foley, A L, lut Crtt Tablei, 6, 464 (1929) 

"Hubbard, J. C, and Loomis, A L, Nature, IM, 189 (1927) 

"Hubbard, J C, and Loomis, A L, Phil Mag (7), 5, 1177-1190 (1928) 

" Randall, C R , Bur Stand J Ret , 8 , 79-99 (RP40Z) (1932) 

"Pooler, L. G, Phyi Rev (2), 35, 832-847 (1930), superseding 31, 157 (A) (1928) 
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Table 88. — Velocity of Sound in Water 

V, is the value defined by the empirical equation 

V, = 1404.4 + 4.8215# - 0 047562/2 + 000013541/® = 1404.4 X 

{ ' + (4) - + (i4)'} 

it has a maximum at / = 74.2 ®C. Foi,. = observed velocity after appli- 
cation of a nominal correction for the finite size of the containing vessel (this 
correction is zero for the HL and the R values) ; ^ = Foi>. — Vo, 8 = t^fVe- 
In all cases the mean pressure is 1 atm, the boundaries are nominally at 
infinity, and the temperature is t “C. The R values are to be preferred 
(see text). 



V. 

Unit of Va and of d * 1 A/tee*. 

A . 

1 2808 ft/tec 

— 10008 

Temp 

-I’C 

Bavlier 

data — 



' R* 

HL* 


R* 

HL- 

~P- ' 

t 

Va 

6. 

Ref* 

0 

1404 4 

-0.9 

-1-2 6 


-0 6 

+1 9 


3 9 

1422 

-23 

M 

5 

1427J 


-1-0 4 



+0 3 


76 

1438 

-29 

M 

10 

1448 0 

0 

-1-0 8 


0 
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-25 
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1466 5 
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+0 7 


25 2 

1498 

-41 
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20 

1482 9 

+02 

-1-1 3 


+01 
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40 

142S 

- 5» 
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25 

1496 3' 


4-1 8 

-lOJ 


+ 1 2 

-6 9 

21 5 

1487 

- 6* 

B 

30 

1509 9 

0 

00 

-112 

0 

00 

-7 4 

8 1 

1440 

- 5 

CS 

35 

1520.7 


-01 



-0 1 


13 

1459 

-18* 

D 

40 

1529 8 

-03 

4-0 5 

-It 5 

-02 

+ 03 

-7 5 

14 

1463 

-11 

D 

50 

1543 5 

0 


-11 9 

0 


-7 7 

18 

1477 

+ 12 

D 

60 

1551.7 

-0 2 


-11 9 

-01 


-7 7 

19 

1480 

-19* 

D 

70 

1555.3 

0 


-12 2 

0 


-7 8 

19 

1480 

+38 

D 

73 

1555 6 



-11 4 



-73 

19 

1480 

+ 9 

D 

80 

1555 0 

-0 4 



-0 3 



31 

1512 

- 7* 

D 

86 

1553 4 

-1 0 



-06 



19 5 
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-19 

C 
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148^ 
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Table 89. — ^Velocity of Sound in Natnial Wateis 

(See also Table 90) 

Excepting the references to Lubdce and to Dorsey, the following has 
been taken with slight changes in form from the compilation of A. L, 
Foley.^'^ 

In all oceans the average vertical velocity for depths of 3.5 to 80 
km (2.2 to 5 miles) is 1528 to 1529 meters/second; for lesser depths 
it is less. In general, the horizontal velocity increases by 0.2 per cent 
per 1 “C increase in temperature. Oil per cent per 100 meters increase 
in depth, and 0 1 per cent per 1 per cent increase in salinity (total 
salts) A B Wood and H E. Browne®''® represent the data (6 to 17 ®C, 
salinities near 3 5 per cent) obtained by A B Wood, H. E. Browne, and 
C. Cochrane*®' by means of the equation V = 4626 + 13 8# — 0.12#® + 
3 73s ft/sec = 14100 + 5 21# — 0036/® + 1 137 j m/sec, where the salinity 
is s parts per 1000 and the temperature is # ®C. The practical application 
of acoustics to coastal and oceanic surveying has been discussed by H G. 
Dorsey,®*® who gives data indicating that the velocity is independent of the 
intensity of the source. 


Unit of V~1 metcr/sec, of depth (0)»1 meter, of salinity (>).*l percent by weight Temp w|°C 


Place 

D 

Ocean Honzontal 
s 

Velocity 

1 

V 

Ref* 

Open ocean 

13 

3‘ 

14 5 

IS03.5 

M 

Block Island Sound, N Y 

30 

3 35 

3.0 

1453.3 

S 

Long Island Sound, N. Y 

30 


13 

1492 3 

B 

Isle of Wight 


3,51 

6 

1474 

WBC 

Isle of Wight 


3 52 

7 

1478 

WBC 

Isle of Wight 


35 

16.95 

1511 

WBC 



_ Oi5f»n«S Vaat*fi4<al VAinftifw 



' Place 


D 

V 

Ref •' 


N Atlantic 


1288 

1520 

HS 


Cambean Sea 


338 

1478 

HS 


Carribean Sea 


1771 

1486 

HS 


Pacific 


1185 

1505 

HS 


Pacific 


2962 

1493 

HS 


All oceans 


>3500 

1528 

HS 





— Pfygh Water 



Water 


1 

V 

Ref* 


Lake Geneva 


8.1 

1435 

CS 


Seine River 


15 

1437 

w 


Seine River 


30 

1528 

w 


Seine River 


50 

1652 

w 


Seine River 


60 

1725 

w 
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Table 90. — Velocity of Sound in Sea-water 

(See also Table 89) 

Adapted from the detailed practical tables by N. H. Heck and J. H. 
Service based upon the very extensive tables of V. Bjerknes et al.^* 

The following values of the veloaty (V) at 0 ®C and various depths, 
salinity 35 g/kg, have been taken directly from the tables of Heck and 
Service The values they give for other salinities (s = 31 to 37 g/kg) 
and temperatures (f = 0 to °C) may be reproduced very closely by means 
of the formula 

= Vsr,.o.d + 2 39/ - 0.028/* + {083 - 180(10-«)d + 
00075/}(r - 35) 

the units being those named below 

Heck and Service compute the veloaty for each successive layer of 200 
fathoms, inferring the distribution of temperature and salinity from obser- 
vations at three depths, t c . surface, 200 fathoms, and Ixittom, and average 
these velocities to obtain the mean velocity (F*) They find in actual 
practice that this mean velocity differs from that computed from the 
measured depth and the observed time required for sound to pass to the 
bottom and liack, by an average of about 02 per cent (about 3 m/sec), 
the probable error for a single determination being 6 to 8 times as great, 
and single determinations differing from Vm by 3 5 per cent (52 5 m/sec). 
(In his compilation,*'*'' A L Foley seems to have had in mind the probable 
error of a single determination when he stated that values computed by the 
metliod of Heck and Service may differ by 20 m/sec from the actual value) 
Sucli differences include the errors inherent m the method of echo-sounding 
as well as those arising from an attempt to infer the distribution of temper- 
ature and salinity from observations at only three depths 


Unit of rf » rfi + rfi* 1 fathom — 6 ft — 182 88 cm, of V — I fathom^sec — 1 829 m/sec 
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796 

799 

804 
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22 

22 

22 

20 

12 
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809 

813 

816 

820 

825 

8 

6 

4 

4 

3 

2000 

826 

831 

833 

836 

839 

3 

3 

3 

3 

2 

3000 

844 

848 

850 

855 

857 

2 

2 

2 

2 

2 

4000 

861 

863 

866 

870 


2 

2 

2 

2 


di-* 

100 

300 

500 

700 

900 

1100 

1300 

1500 

1700 

1900 

dt 




t M 1 

Sad (Unit of 3 






0 

1450 

1456 

1461 

1470 

1474 

1479 

1487 

1492 

1500 

1509 

2000 

1510 

1520 

1523 

1529 

1534 

1544 

1551 

1554 

1564 

1567 

4000 

1574 

1578 

1584 

1591 
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in the values obtained is believed to be distinctly less than 0.1 per cent. 
They are the values to be preferred. 

L. G. Pooler has measured the velocity at 25 to 75 °C and v = 1269 
to 2715 cycles per second, using a recently developed formula for correcting 
for the effect of the walls of the vessel His values he 0.7 to 0 8 jjer cent 
below those of Randall and of Hubbard and Loomis (see Table 88). 

To facilitate comparison of the several sets of data, an empirical for- 
mula (1) of arbitrary form, but reproducing Randall’s values at 10, 30, 50, 
and 70 °C, was set up The values so determined are designated as f’e 

Pc = 14044-l-4 821St-0 047562<- + 0 0001 3541 m/sec ( 1 ) 

The excess of the rejiorted velocity (Pob«) above Vc is given in Table 88 
for each of a number of determinations. 

The observations of R W Boyle, J F Lehmann, and S C Morgan *‘‘• 
at 80 kc/sec, of Hubbard and Loomis (200 to 400 kc/.sec), of R. W. Boyle 
and G 13 Taylor®^* (29 to 570 kc/sec), of Randall (750 kc/sec), and of 
P Biquard (1360 kc/sec) indicate that tlic velocity varies little, if at all, 
with the frequency In fact, there is no certain reported evidence that the 
velocity m an unbounded volume of water changes at all as the frequency is 
varied from 1 (X) cycles/sec to 1 4 megacycles/sec The smaller values reported 
for the lower frequencies (see Table 88, columns headed “P" and "Earlier 
data”) probably arise from the unsatisfactory natuie of the correction which 
IS necessitated in such cases by the presence of the walls of the vessel 

More recently, B Spakovskij,-*® using values of i- uj) to 1000 kc/sec, 
has concluded that up to that frequency, at least, the velocity is constant 
within his experimental error (about 1 per cent), and W .Schaffs using 
V = 16381 kc/sec, found the velocity to be 1467 m/sec at 17 "C This is 
only 0 3 per cent smaller than the value defined by formula ( 1 ) Whence 
it seems probable tliat the velocity is indepicndcnt of the frequency, at least 
up to 16 megacycles/sec 

Acoustic Resistivity of Water. 

The acoustic resistivity of a material is defined as the amount by which 
the r m s. pressure m a plane sound wave must exceed the static pressure m 
order to confer upon the medium a unit r m s. velocity (r.m s = square 
root of the mean square.) It is equal to \/Ep = Vp, where E = bulk 
m odulu s of the material, p is its density, and V = velocity of sound = 
yyE/p For water at usual temperatures, p is essentially unity, and the 
acoustic resistivity is numerically equal to the velocity of sound. If the 
velocity is V meters per second, the resistivity is V gram/mm® sec In 
each, the modulus is that corresponding to the conditions existing during 

Doracy, H, G , / Acoust. Soc Amcr , 3, 428-442 (1932) 

“Heck, N H, and Service, J H , U S Co€ut and Geod Sur , Spec Pubt 108 (1924) 

“ Bjerknes, V , at a/ , '^Dynamic Meteorology and Hsrdrography/' Carnagte Inst of WaskinO’ 
ton Publ, 8» ( 1910 ) 
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the passage of the wave, which approximate those characteristic of adiabatic 
compression and expansion.^”” 

H. G. Dorsey *** remarks that the increase in the acoustic resistance of 
sea-water with increase in temperature may not arise solely from the change 
in temperature, but may be due in part to an increase in the amount of 
suspended matter. He states that water churned up 1^ the propeller of a 
ship absorbs sound completely, and that the reflectivity of ocean bottoms 
decreases in the order: soft mud (best), hard sand, broken coral, sea-grass 
(poorest). 

In a more recent paper he writes (p. 299) : “The assumption that the 
acoustical impedance of warm water is greater than cold has not been dis- 
proved and work in the warm water of the Gulf of Mexico tends to confirm 
the assumption." 

Absorption of Sound by Water. 

At audio frequencies the absorption of sound by water is small, and is 
determined by the viscosity and thermal conductivity. But at high — ultra- 
sonic — frequenaes it is much greater and seems to involve something of the 
nature of molecular resonance. Furthermore, at those high frequencies 
the radiation has a degassing effect , and this absorbs additional energy if 
the water is not gas-free, (See C. Sorensen.*®’) 

Sorensen*®’ has found that, although the absorption is greater if the 
water contains gas, the heating of the water by the radiation is the same 
as if the water were gas-free, the additional absorption arising from the 
work required to drive out the gas He found as follows . for v = 194, 380, 
and 530 kc/sec, the work expended in removing the gas was, respectively, 
51.2, 72 6, and 87.4 kilowatts per an® of gas removed. The rate of removal 
was not constant, but steadily decreased as the water became more and 
more nearly gas-free. 

He stated that the absorption passes through a maximum at some fre- 
quency below 194 kc/sec. H, Oyama has stated that the heating of the 
water is a maximum at about 700 to 800 kc/sec, which seems to be entirely 
incompatible with the values in Table 91. 

Qaeys found the absorption to be greater in narrow tubes than in wider 
ones, and has suggested that the difference is associated with the presence 
of convection currents *®® ; but Sorensen **'’ found the absorption to be inde- 
pendent of the diameter of the tube. 

Sorensen*®® has found tliat the coefficient of absorption {k, see Table 
91) decreases as the temperature rises, but that this decrease is less rapid 

Sabfaie. P £., Ini. Cnt. TabUt. C, 4S9 (1929). 

"•Dortcy. H C.. I. Aeouti Soe. Amrr , t, 286-299 (1936) 

■> SSreuen, C , Ann. d Phynk (S). 26, 121-137 (1936) . 27, 70-74 (1936) 

■•Oywna, H , Sei Aht (A), 3t, 292 (1936)*-/. Intt. BUc. Eng (lapom), 35, 985-989 (1935). 
■■aaeyi, J , and Sick, H , Ac^ Roy do Botg , Bull Cl Set (S), 23, 659-671 (1937). 

"• SSroiMn, C., Ann. d. Physik (S). 27. 70-74 (1936). 
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than that of 17 /pw*, where if is the viscosity, p the density, and v the velocity 
of sound. The variation is not linear in the temperature, but near room 
temperatures dk/dt is quite close to -0 00024 cm** per 1 "C, the frequency 
being between 200 and 1000 kc/sec. E. Baumgardt,®®^ on the other hand, 
concluded that k is proportional to if/pv^, and reported the following values, 
all for V = 7958 kc/sec : 

t 18 6 22.2 22.5 31.2 39.5 *0 

100k 3.46 3 06 2 98 2.42 2.08 cm-' 

That k is not always proportional to ir was pointed out by P. Biquard,®*® 
and is obvious from the data in Table 91 With toluene, Biquard *•* 
observed a lateral scattering of the radiation. 

Claeys, Errera, and Sack have suggested that the increased absorp- 
tion at high frequencies may arise in part from a kind of hysteresis in the 
adiabatic compressibility of the water. 


Table 91. — Absorption of Ultrasonic Radiation by Water 


The coefficient k is that defined by the relation I -- /oC"** where h — I 
is the reduction in the intensity of a plane wave while traveling a distance x 
Data have been published both in terms of k and of the corresponding expo- 
nent for the reduction in amplitude, which is only half as great as k, and 
it IS not always easy to determine to which they refer. 


Unit of lO* eycl<»/«ec. of cm"*, of */»»■• lO-n lec^/cm. Room temp. 


p 

k 

0.194 

0.017 

0.380 

0 015 

0 530 

0 014 

0.950 

0011 

1.44 

0 00135 

2 03 

0.00330 

2 79 

0 0030 

A 77 

0.0121 

7.55 

0 035 

7.96 

0.0346 

7.97 

0.040 

8.37 

0.027 

11.14 

0.066 

54 

1.39 

69 

2 28 

83 

3 52 


k/A 

Ref • 

45 

s 

10 

s 

5.0 

s 

1 22 

s 

0.065 

CBS 

0 080 

CBS 

0 038 

F 

0 053 

CES 

0 062 

Bt 

0 055 

Ba 

0 064 

Bi 

0 038 

P 

0 054 

CBS 

0 048 

B&r 

0 048 

B&r 

0.051 

Bar 
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32. Pressure-Volume-Temperatuse Associations for Water 
(For saturated water, see Section 88) 

Water under the pressure of its pure saturated vapor is called saturated 
water, that under a higher pressure has been called compressed water; 
that under a lower pressure may be called dilated water. Above the 
critical temperature the .substance will be classed as compressed water 
if the specific volume is less than that (31 cm*/g) at the critical point ; as 
dilated vapor if the specific volume is greater than at the critical point 
These terms are to lie so understood wherever they occur in this compilation. 

Uniformity of Water. 

Until the discovery of the isotopes of hydrogen and oxygen — ^that is, 
until very recently — water as commonly purified by careful distillation was 

(To p 202) 

Tabfe 92. — Effect of Dissolved Air on the Density of Water 

(See p 2S1) 

p = densit> of air-free water under a pressure of 1 atm, pa — density 
of water saturated with air at a pressure of 1 atni 



Unit of fi and of 

1 g/cm* 

Temp * t *C 



1 

1 OH 0 - 

R«) Observer* 

i 

IVif-p.) 

1 

10«(,-,.) 

5‘ loS’C 

3 0 

Chappuis 


Marek 


Marek 

156 

1 89 Fnvold 

6 

3 3 

13 

27 

0 

25 

Marek 

7 

34 

14 

25 

1 

27 

Afarek 

8 

34 

IS 

22 

2 

29 

Marek 

9 

33 

16 

1 9 

3 

31 

Marek 

10 

32 

17 

16 

4 

32 

Alarek 

11 

31 

18 

1 2 

5 

3 3 

Marek 

12 

29 

20 

04 


* See text for comments on Marek':. i^oik and reference!, to his and to Chappuis’ 
papers Fnvold 


""tiinl,, A B. mil I ee, R F. J /tin ( *<-m ?er, 35, 16b7-169t (1681) (1910 
•"HMI. N F. ami Jones, T O . ( /tm C>irm 9<»r . 58, 1915-1919 (1936), G.'ihliard, J I., and 
Dole. M , Idim 59, 181-185 (19571 

>"• ( hrithsiiiKii W 11, Crahtrw, R W , and lasiby, T I!, Aafiirr, 135, 870 (L) (1935) 

*• Mendelcjc\, 1 i ompt rend 4cad Sc$ tp 105-108 (1935i) 

Dole, M, and N\iener, B Z, Snenre S), 81 , 45 (1935) 

PecK J B, Rohin'ioii, P L, and Smith, H C. Ntitnrc, 120, 514-515 (192 7) 

"•Stott. V. and Birr. P H. Jnt Cnt Tobies, 3, 24-26 (1928) 

"•Chappuis, P. Trav ct Ment Bur Int Pouis et Mes , 13, D1-D40 (1907) 

Thiesra, M . Scheel. K and Diesselhorst, If . IVtss Abk Phys -Techn Retchs , 3, 1-70 (1900) 
"•Tilton, L W. and Taylor J K , 7 Res Nat Bur Stand, 18, 205-214 (RP971) (1937) 

"• Bridffman P W /»if C rif Tobies, 3, 40 (1928), as corrected in accordance with the 

errata published m Vol 7 

"▼Bridgman, P \V , Proc Am Acad Arts Set, 47 , 439-558 (1912), 48 , 307-362 (1913) 

"■Bridgman. P W, / Chem’l Phys , 3, 597-605 (1935) 
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Table 93.— Density of Compressed Water at a Pressure of 1 Atmosphere 

(For sea-water see Tabic 108 ) 

Density = p, temperature = (h + h) = t°C In the second column the 
complete value of p is given or indicated, in the following columns, only the 
last three or four digits, the preceding digits being understood to be those in 
the left-hand section of the second column, either on or alxive the line, 
unless there is a line over the first of the tabulated digits in which case 
the immediately preceding digit will differ by one unit from that just speci- 
fied. For example, Mohler finds p = 09Q7292 at — 12 °C and 0.996931 
at -13 “C. 

Unit of pal gram per milltliter-O 999971 g/cm* Trmp »«i+W-/'C 

I. J. F. Mohler.**® 

<1-* 0 -1 -2 -3 -4 -S -6 -7 -8 -9 

h r fi - - ' ’ 

-0 0.999 868 773 673 553 380 176 950 720 501 249 

- 10 0.997 935 636 292 931 

11 C. Despretz *** Not given in International Critical Tables; he 
studied the expansion of water between —9 and -f-lOO °C 


i 

0 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

P 

0 999 873 

786 

692 

578 

438 

302 

082 

848 

628 

372 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 


0 999 873 

925 

967 

992 

000 

992 

969 

929 

878 

812 


III. Revised Chapputs table Sec text. In the subsidiary columns 
C and T to the right of the p values in columns fj = 0 0 and fi = 0 5 are 
given the amounts, in units of the last place tabulated, by which each of the 
corresjxinding values for = 0 0 and /i = 0 5 in the tables published by 
Chappuis and by Thiesen, Scheel, and Diesselhorst, respectively, exceeds 
that here tabulated. Over the intermediate 0 5 "C range these differences 
may be linearly interpolated Thus both of those tables may be recovered 
from this ; and so may be the one in the International Critical Tables, that 
bling merely the average of the other two For example, at 17 3 °C this 
table gives p = 0 9987515, the C value is smaller than this by 10, the 
T value by 27, and the IjC T by 18 units in the last place, making those 
values 09987505. 09987488, and 09987497 respectively, from the tables 
themselves one finds exactly these same values. Under A is given the 
average increase in p per 0.1 °C increase in t for the one degree range 
covered by the line in which the value stands, the unit of A being that of the 
last tabulated digit of p. 
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Table 93.— (Cotihnucd) 


IV. 

M. Thiesen.^*®* 
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m I C.T 
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(Cont'd from p 198) 

regarded as a perfectly definite, homogeneous substance, the saifie the world 
over. And this, m spite of certain observations indicating the contrary, 
some of which will be mentioned presently. 

Since the discovery of the isotopes all this has changed. We now know 
that water is not a simple substance, the same everywhere, but is a mixture 
m which the relative amounts of the several constituents vary with the 
source and with the manner of purification Fortunately, this variation is 
so small in the purified waters commonly used in the study of the properties 
of water that its effect upon the observed values of those properties is 
entirely negligible in most cases, thus justifying one in speaking, as in this 
compilation, of the properties of the ordinary water substance But in those 
few cases m which extreme precision of measurement has been attained — 
in which errors from other sources do not exceed a part in a million or 
thereabouts — ^it is necessary to consider whether differences in the composi- 
tion of different specimens of “pure water" may cause significant differences 
in the property being studied. 

Such a property is the density of water. Over the range 0 to 40 °C 
values are published to one part m 10 million But there are as yet no data 
that enable one to say with certainty whether the density of the “pure water” 
commonly used in such work is definite to that precision. It probably 
is not. 

About 25 years ago, A B. Lamb and R. E Lee -»» reported that the 
densities of various samples of distilled water, expected to be identical, 
might differ by as much as 8 parts in 10^ even when great care was taken. 
This was long before the discovery of the isotopes. 

If a sample of water contained 1 D 2 to 6500 Ha — ^the average ratio 

then removing the Do would decrease its density by about 17 parts in a 
million. W. H. Christiansen, R. W. Crabtree, and T H Laby®*® have 
reported that the density of rain-water is reduced by 12 7 parts in 10* by 

(To p. 206) 
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Table 94.— Specific Volume of Compressed Water at a 
Pressure of 1 Atmosphere 

Derived from the densities as given in the corresponding sections of 
Table 93, where references and comments will be found. 

Specific volume = ?>*, temperature is (/i tz) - t ®C 

In the second column the complete value of v* is given or indicated ; in 
the following columns, only the last three or four digits, the preceding digits 
being understood to be those in the left-hand section of the second column, 
either on or above the line, unless there is a hue over the first of the tabu- 
lated digits, in which case the immediately preceding digit will differ by one 
unit from that just specified. For example, Mohler finds v* = 1 002715 at 
- 12° C and 1 003078 at - 13 °C 

It IS interesting to notice that, whereas the specific volume of water at 
4 °C IS 1 000000 ml/g ( — 1 000027 cm*/g) when under a pressure of one 
normal atmosphere, it is 0999973 nil/g ( = 1000000 cmVg) when the 
pressure is 1 S3 atm (see Table 105) 


Unit of »• - 1 ml 'k - 1 000027 cm><g Temp ((i 4 (,) -• ( “C 


I J F Mohler 

tv-* 0 

“1 

-2 

-3 

-4 

. „• 

-5 

•A 
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-8 

-Q 

0 1 000 132 

227 

327 

447 

620 

825 

051 

382 

?01 

?S4 

- 10 1 002 069 

369 

715 

078 







II. C Despretz 










t 0 
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-9 

V* 1.000 127 
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1 0 
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»• I 000 127 
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033 

008 

000 

OOS 

031 
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122 

188 


in Revised Cliappuis table, 1937 In the subsidiary columns C and 
T to the right of the v* values m columns /] =- 0 0 and fi = 0 5 are given 
the amounts, in units of the last place tabulated, by which each of the 
corresponding values for /i = 0 0 and /i = 0 5 m the tables published by 
Chappuis and by Thiesen, Scheel, and Diesselhorst, respectively, exceeds 
that here tabulated. Over the intermediate 0 5 °C range these differences 
may be linearly interpolated Thus both of those tables may lie recovered 
from this, and so may be the one m the International Critical Tables, that 
being merely the average of the other two Example: At 17.3 °C this table 
gives V* = 1.0012501 ; the C value is 9, the T vtdue is 27, and the I C.T. 
value is 18 units in the last place greater than that. Whence the C, T, 
and I.CT. values are, respectively, 1 0012510, 1 0012528, and 1.0012519, 
agreeing exactly with those in the tables 
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Table 94. — (Contmued) 
IV. M. Thiesen,®*®" I C.T.^” 
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(Continued from p 202) 

removing its D 2 , and that in the fractional distillation of tap water the first 
and the last fractions differed in density by 20 0 parts in 10 ®. Whence they 
concluded “that, if precise relative determinations of the density of water 
which had been repeatedly distilled had been made at any time since accu- 
rate thermometry has been available, they would have disclosed the fact 
that natural water is not a simple substance ” It seems probable that they 
intend the reader to understand that the distillation was to be fractional 
J Mendelejev has reported that the density of the purified water 
from Lake Baikal increases with the depth from which the sample was 
drawn, water from 1650 meters being 56 in 10 '^ greater in density than that 
from the surface This indicates a gravitational separation of the constitu- 
ents. (Before distillation, the difference in the densities was about 120 in 
10^, over twice that after distillation.) 

Variability in Water. 

In the preceding paragraphs we have considered possible differences 
between different samples , here we consider possible changes in the same 
sample, changes arising from other factors than the existing temperature 
and pressure. The volume of a solution is not, in general, equal to the 
sum of the volumes of the solute and the solvent This well-known fact 
does not concern us now Some, accepting the idea that water is a mix- 
ture of polymers, have advanced the idea that the relative numbers of the 
several polymers can be disturbed, at least temporarily, but for relatively 
long periods, by various means, such as antecedent heating, chilling or 
freezing (see Section 25 , Estabhshment of equilibrium). And it is con- 
ceivable that very minute amounts of a soluble impurity may markedly 
change the polymerization. But no evidence that any of these hypothetical 
effects are actually of practical significance has come to my attention. 

(Go to p. 225) 

■•■Thiesen, M, IVw Abh, Phys-Techn Rttcht,, 4 , 1-32 (1904). 
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Table 95. — Specific Volume of CompFessed Water: 

Pressure Exceeding 1 Atmosphere 

(For sea-water see Table 108) 

The table is divided into the following sections : 

I, Amagat, 0 to 198 °C, 1 to 1000 atm, 13 temperatures, steps of 25 
or 50 atm. 

II. Amagat, 0 to 49 °C, 1 to 3000 atm, 10 temperatures, steps of 100 
atm 

III Bridgman, —20 to +80 °C, 1 to 12 000 atm, 13 temperatures, 
steps of 500 atm. 

IV. Bridgman, —20 to +100®C, 1 to 12 000 kg* /cm®, II tempera- 
tures, steps of 500 or 1000 kg*/cm®. 

V Tammann and Jellinghaus, —14 to +15 “C, 1 to 1500 kg*/cm®, 
26 temperatures, steps of 100 kg*/cm®. 

VI. Smith and Keyes, 0 to 360 “C, 1 to 350 atm, every 10°, steps of 
25 or 50 atm 

VII. Tammann and Ruhenbeck, 20 to 650 °C, 1 to 2500 kg*/cm®, 
9 temperatures, steps of 100 kg*/cm®. 

VIII. Adams, 25 °C, 1 to 12000 bars, steps of 500 or 1000 bars 

IX Trautz and Steyer, reference only 

In every case, values at 1 atm have been retained or inserted so as to 
facilitate comparisons with the preceding tables 

In the first 5 sections the specific volume has been indicated by the 
amount (10"'‘A) by which it falls short of 1 ml/g; in the other three sec- 
tions the specific volume is given directly. Except m the last section, 
successive differences have been printed, m distinctive type, between the 
values from which they have been derived These differences serve several 
purposes. They show directly irregularities in the “run” of the values, 
some of which are disturbingly great, they show at once how the mean 
temperature coefficient of expansion at constant pressure, and the mean 
compressibility at constant temperature, each for a tabular step, vary 
throughout the range covered by the section, and facilitate their evaluation 
at any point in the table ; and they furnish one more means for comparing 
the results obtained by different observers. 

Unit of V* » 1 ml/g ■■ 1 000027 cm*/g (for this table the distinction between the ml and 
the cm* IS entirely negligible) , of P — 1 atm * 1 03323 kg*/cm* * 1 01325 
bars, of ^ * 1 kg*/cm*, of pb * 1 bar Temp * r 

I. E. H. Amagat His values are expressed in terms of the specific 
volume at 0 °C and 1 atm ; those here given were obtained by multiplying 
each of his by 1 0001319 so as to reduce them to the same basis as tliat 
of Tables 93 and 94 ; w* = 1 — 10"*^. 

Amagat, E H., Ann. de Chtm et phys (6), 39, 68-136, S0S-S74 (1893) 
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32 J 33 0 32 J 31 J 315 310 316 31 J) 31M 30 J 
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Table 95 — (Continued) 

III. P. W. Bridgman, (ICT)®''® with corrections indicated by the 
errata published with Vol. 7. Based on Bridgman Proc. Amer. Acad. Arts 
Set. 48 , 307-362 ( 1913). As the values he accepted for the specific volumes 
at 1 atm are somewhat smaller than those in Table 94, all those for a given 

• temperature have been increased by the same amount, so chosen as to make 
the value at 1 atm the same as that m Table 94. For the temperatures 
— IS and —20 °C, no value is recorded for 1 atm , values for these temper- 
atures have been increased by 00001. His data have been criticized by 
Tammann,®®® partly on the ground that both the direct observations of 
Amagat and others and the data derived from solutions indicate that, for 
pressures exceeding 300 kg*/cm®, the temperature at which the density is 
a maximum lies below that at which water and ice are in equilibrium, 
whereas Bridgman’s observations indicate that it lies above that equilibrium 
tempierature even when the pressure is as great as 1500 kg^/cm®; and 
partly on the shape of the isopiestics at temperatures below 0 °C. (See also 
Fig 3 and Section IV ) Bridgman’s table in the Proceedings (loc. cit ) 
contains values for every 5 °C, the pressure being expressed in kg*/cm®. 
In the International Critical Tables and m this work, the pressure is 
expressed in atm. v* = 1 — 10"* A. 

Data on pagea 212, 213, Fig 3 on p 230 

IV. P W. Bridgman The following values of v* have been obtained 
from his table of molecular volumes by dividing by 180154. He states: 
“The results now found do not check in fine detail with those found before ; 
in particular the minimum and maximum of volume as a function of tem- 
perature on this isobar at 1500 kg found in 1912 and shown in Fig. 40 
of the 1912 paper, has not been found this time ’’ In fact, the isobars 
defined by these values more nearly resemble those found by Tammann 
than did the earlier ones (see Fig. 3). On comparing these values with 
those of 1912 (from which those in Section III were derived) systematic 
differences, often amounting to 2 or 3 units in the next to the last place 
in A (i e., to 2 or 3 ml/kg), are found For example, at 50 °C and 4, 5, 6, 
7, 8, 9, 10, 11 and 12 kg*/cm® these values exceed the 1912 ones by 1 0, 
1.8, 2 2, 2 7, 3 2, 3 3, 3 1, 2 9, and 3 3 ml/kg, respectively. 


*-» 

p 

1 

500 

1000 

1500 


Unit of p — 

p ^ 

1 kgVem^p of F — I atm, v* — 1 10-* A m}/g 

-20 -IS -10 -5 

Temp = t 

0 

•c 

+20 







0.9678 



-1 

17 

-18 




2J1 


199 

483.9 



+ 230 

49 

+ 181 




1P4 


1S7 

967.8 

434 

10 

424 

56 

368 


172 


167 


156 

1451.8 

630 10 620 14 606 

IS 

591 

67 

524 


Tammann, G, and Schwarzkopf, E, Z. onorg. cdlgem. Chan., 174, 216.224 (1928). Tam- 
. G.. and JeUinghaui, W.. Idem, 174, 22S-230 (1928). 
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— A - 
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152 


148 


148 


148 

2000 

1935.7 

797 

11 

786 

14 

772 

18 

754 

15 

739 

67 

672 
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129 

2500 

2419.6 

939 

19 

920 

17 

903 

19 

884 

16 

868 

67 

801 
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120 


116 


117 


115 

3000 

2903.5 



1041 

18 

1023 

23 

1000 

15 

9SS 

69 

916 





108 


106 


108 


106 


100 

3500 

3387.4 



1149 

20 

1129 

21 

1108 

17 

1091 

75 

1016 







100 


‘ 98 


97 


96 

4000 

3871 4 





1229 

23 

1206 

18 

1188 

76 

1112 







175 


172 


173 


179 

5000 

4839.2 





1404 

26 

1378 

17 

1361 

70 

1291 
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6000 

5807.0 









1511 

76 

1435 

t-* 

p 

p 

20 


40 


so 

— A - 

60 


80 


too 













•» 

1 

0.9768 

-18 

61 

-79 

42 

-121 

50 

-171 

113 

-284 151 

-435 



199 


199 


215 


212 


221 


252 

500 

483.9 

+ 181 

61 

+ 120 

26 

+ 94 

53 

+41 

104 

-63 

120 

-183 



187 


174 


162 


173 


180 


190 

1000 

967 8 

368 

74 

294 

38 

256 

42 

214 

97 

+ 117 no 

+ 7 



156 


156 


154 


154 


159 


167 

1500 

1451.8 

524 

74 

450 

39 

411 

43 

368 

92 

276 

102 

174 



148 


142 


139 


140 


142 


147 

2000 

1935 7 

672 

80 

592 

42 

550 

42 

508 

90 

418 

97 

321 



129 


126 


127 


127 


129 


134 

2500 

2419.6 

801 

83 

718 

41 

677 

42 

635 

88 

547 

92 

455 
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115 


116 


117 


119 


121 

3000 

2903 5 

916 

83 

833 

40 

793 

41 

752 

86 

666 

90 

576 



100 


105 


105 


106 


109 


112 

3500 

3387.4 

1016 

78 

938 

40 

898 

40 

858 

83 

775 

87 

688 



96 


96 


96 


98 


99 


104 

4000 

3871.4 

1112 

78 

1034 

40 

994 

38 

956 

82 

874 

82 

792 



179 


170 


170 


170 


177 


180 

5000 

4839.2 

1291 

87 

1204 

40 

1164 

38 

1126 

75 

1051 

79 

972 



144 


151 


152 


153 


155 


157 

6000 

5807.0 

1435 

80 

1355 

39 

1316 

37 

1279 

73 

1206 

77 

1129 





130 


133 


135 


135 


140 

7000 

6774.9 



1485 

36 

1449 

35 

1414 

73 

1341 

72 

1269 





119 


120 


122 


125 


187 

8000 

7742.7 



1604 

35 

1569 

33 

1536 

70 

1466 

70 

1396 





109 


110 


no 


112 


114 

9000 

8710.6 



1713 

34 

1679 

33 

1646 

69 

1578 

68 

1510 


■■■ Bndgman, F. W., Proc Amtr. Aead Arte Set., 48t 307-362 (1913) 
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p 

JP 

20 

40 


50 

— A — 

60 


so 


100 




101 


102 


102 


104 


105 

10000 

9678.4 


1814 

33 

1781 

33 

1748 

66 

1682 

67 

1615 




96 


95 


95 


96 


98 

11000 

10646.2 


1910 

34 

1876 

33 

1843 

65 

1778 

65 

1713 




84 


86 


87 


88 


88 

12000 

11614.1 


1994 

32 

1962 

32 

1930 

64 

1866 

65 

1801 


V. G. Tammann and W. Jellinghaus.®*® The published values have been 
multiplied by 1.00013 so as to convert them into ml/g. As these authors 
assign no value to the specific volume at 1 atm when t is below 0 °C, values 
taken from Table 94 have been inserted, enclosed in parentheses. The 
values in this section do not suffice to determine more closely than =*= 4 “C 
the temperature that corresponds to the maximum density along any iso- 
piestic, but they do show the general progressive change in the isopiestics 
(see Fig. 3). w* = 1 - 10-<A ml/g. 


t-* 

A 

-8 

-7 


-6 


-5 

A — ■ 


-4 


-3 


P 

' 





A 






1 

(-15) -5 

(-13) 

-3 

(-10) 

-2 

(-8) 

~2 

(-6) 

-2 

(-4) 

-1 

100 












200 












500 










145 

+1 











48 


400 








193 

0 

193 

+2 









43 


42 


500 






237 

1 

236 

1 

235 

1 







43 


40 


44 


600 




281 

1 

280 

4 

276 

-3 

279 

+2 





43 


43 


46 


42 


700 


327 

3 

324 

1 

323 

1 

322 

1 

321 

2 



41 


42 


33 


42 


41 


800 

371 3 

368 

2 

366 

10 

356 

-8 

364 

2 

362 

2 


42 

43 


42 


50 


40 


40 


900 

413 2 

411 

3 

408 

2 

406 

2 

404 

2 

402 

9 


38 

39 


40 


40 


40 


40 


1000 

451 1 

450 

2 

448 

2 

446 

2 

4U 

2 

442 

9 

■•Tammann, G., 

and JelKnghana, 

W., Z. 

onmrg. 

allpem 

CHem, 

174, 225-230 (1928). 
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t-* 

Jt 

-8 
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-6 

-5 

A 

-4 

-3 

V 








39 



33 



1100 

490 

n 


479 


10 


23 



23 



1200 

513 

a 


507 


9 


42 



JP 



1300 

555> 

9 


546 


19 


34 



30 



1400 

589> 

13 


576 


2i 


3i 



32 



1500 

62S> 

17 


608 


9 


«-» 

-2 


-1 


0 

9 ^ 






1 

(-3) 

-1 

(-2) 

-1 

-1 




SI 


51 

100 



49 

-1 

50 




49 


47 

200 

98 

0 

98 

+ 1 

97 


4« 


4S 


46 

300 

144 

+1 

143 

0 

143 


47 


47 


46 

400 

191 

+ 1 

190 

+ 1 

189 


43 


42 


42 

500 

234 

2 

232 

1 

231 


43 


43 


43 

600 

277 

2 

273 

1 

274 


42 


42 


41 

700 

319 

2 

317 

2 

315 


41 


40 


3P 

800 

360 

3 

357 

3 

354 


33 


38 


40 

900 

393 

-2 

395 

1 

394 


40 


42 


40 

1000 

433 

-4 

437 

3 

434 






33 

1100 





469 






30 

1200 





499 






23 

1300 





527 






28 

1400 





555 






44 

ISOO 





599 



+ 1 


2 


% 



A 






0 

-1 


0 

0 

0 

-/ 


52 


50 


51 


-1 

51 


50 

-1 

51 

0 


46 


47 


46 


0 

97 

0 

97 

0 

97 

+3 


46 


46 


45 


0 

143 

0 

143 

+1 

142 

/ 


45 


44 


44 


+3 

188 

+/ 

187 

+1 

186 

3 


43 


42 


42 


0 

231 

z 

229 

1 

228 

3 


42 


43 


42 


1 

273 

1 

272 

2 

270 

3 


41 


40 


39 


1 

314 

z 

312 

3 

309 

3 


33 


33 


39 


2 

352 

z 

350 

2 

348 

3 


40 


41 


40 


2 

392 

1 

391 

3 

388 

2 


39 


37 


33 


3 

431 

s 

428 

Z 

426 

3 


tz 

9 

1 

1 

sz 
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t-* 

4 


3 


6 


7 


8 


9 


p 

1 

r 

+i 

0 

+ 1 


+ 2 

~1 



+3 

+2 

+ 1 

+1 

0 

+1 


so 


so 


47 


46 


47 


48 


too 

51 

0 

31 

2 

49 

0 

49 

1 

48 

0 

48 

1 


45 


45 


46 


45 


45 


44 


200 

96 

0 

96 

i 

93 

1 

94 

1 

93 

1 

92 

2 


45 


45 


46 


46 


45 


44 


300 

141 

0 

141 

0 

141 

1 

140 

2 

138 

2 

136 

2 


44 


42 


43 


43 


38 


43 


400 

183 

2 

183 

-1 

184 

1 

183 

6 

176 

-3 

179 

2 


42 


43 


41 


42 


43 


41 


SOO 

227 

1 

236 

i 

223 

0 

225 

6 

219 

-1 

220 

3 


41 


40 


39 


37 


41 


38 


600 

268 

2 

266 

2 

264 

2 

262 

2 

260 

2 

238 

2 


40 


40 


41 


39 


39 


38 


700 

308 

2 

306 

1 

303 

4 

301 

2 

299 

3 

296 

2 


37 


37 


40 


40 


34 


40 


800 

343 

2 

343 

^2 

345 

4 

341 

8 

333 

-3 

336 

3 


41 


41 


38 


38 


42 


36 


900 

386 

2 

384 

I 

383 

4 

379 

4 

373 

3 

372 

2 


38 


37 


36 


38 


38 


37 


1000 

424 

3 

421 

2 

419 

2 

417 

4 

413 

4 

409 

2 






38 








1100 





437 













33 








1200 





490 













36 








1300 





326 













28 








1400 





334 













13 








1300 





367 








*-» 

A 

10 


11 


12 



13 


14 


15 

V 

r 











'' 

1 

-1 

0 

-1 

0 

-1 


+ 1 

-2 

0 

-2 

+ 5 

-3 


48 


48 


46 



46 


45 


45 

100 

47 

0 

47 

2 

43 


1 

44 

1 

43 

3 

40 


43 


41 


42 



42 


41 


43 

200 

90 

2 

88 

1 

87 


1 

SO 

2 

84 

1 

83 


44 


45 


44 



44 


44 


43 
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*-♦ 

J, 

10 


11 


12 

A 

13 


14 


15 

300 

f 

134 

i 

133 

2 

131 

1 

130 

2 

128 

2 

126 


43 


4Z 


42 


41 


41 


41 

400 

177 

2 

175 

2 

173 

2 

171 

2 

169 

2 

167 


40 


41 


39 


40 


41 


40 

500 

217 

I 

216 

4 

212 

1 

211 

1 

210 

3 

207 


39 


37 


33 


37 


35 


36 

600 

256 

3 

253 

3 

250 

2 

248 

3 

245 

t 

243 


32 


39 


40 


39 


40 


40 

700 

294 

2 

292 

2 

290 

3 

287 

2 

285 

2 

283 


39 


3S 


32 

. 

37 


37 


37 

800 

333 

3 

330 

2 

328 

4 

324 

2 

322 

2 

320 


37 


37 


36 


36 


33 


33 

900 

370 

3 

367 

3 

364 

4 

360 

3 

357 

2 

355 


37 


37 


36 


32 


32 


37 

1000 

407 

3 

404 

4 

400 

Z 

398 

3 

395 

3 

392 


34 

tlOO Zt 429 

SI 

1200 24 4«6 

29 

1300 3t 499 

3 ! 

1400 22 532 

22 

1500 13 954 

VI LB Smith and F G. Keyes These values have been taken 
from their table, which was computed by means of an empirical equation 
set up by themselves as a satisfactory representation of their observations. 
In that table the values of v* are given to a unit in the sixth place of 
decimals. But they state that their equation "may be trusted to represent 
the behavior of liquid water to at least one part in 2000” (p. 294) and that 
the computed specific volume for 4 °C and one atmosphere differs by “one 
part in 6900 from the accepted value” (p. 295). In view of these state- 
ments it seemed justifiable to give here only 4 places of decimals, corre- 
sponding to an accuracy of at least one in 10,000. It will be noticed that 
the values given for P = 1 atm do not all ag^ee with those in Table 94. 

Smith, L. B., and Keyes, F. G . Free, Amer. Acad. Arts Set., 69, 285-312 <1934) -» Meeh. 
Eng., 56k 92-94 (1934). Supenedes Keyes, F. G, and Smith, L. B, Meeh. Eng , 53, 132-135 (1931) 
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Table 95 — (Contmued) 

VII. G. Tammann and A. Riihenbeck Their values, expressed in 
terms of the specific volume at 20 °C and 1 atm, have been multiplied by 
1.00177 in order to bring them to the same basis as Tables 93 and 94. Both 
temperature and pressure are carried far beyond the values at the critical 
point, 374.15 °C, 225.65 kg*/cm^, but all the values of the specific volume 
except one are smaller than the critical volume. 

Unit of ^ = 1 kg'/cm”, of f = 1 atm, of ti* = 1 ml/g Temp = * ’C 

(-» 20 100 200 300 400 

P P , p* . 

1 0.968 1.0018 

57 


100 

96.8 

0.9961 

46 

382 

10343 

51 

1092 

1.1435 

85 





200 

193.6 

0.9915 

45 

377 

1 0292 1058 
51 

1 1350 
71 





300 

290.3 

0 9870 
43 

371 

1.0241 

39 

1038 

1.1279 

86 





400 

387.1 

0 9827 
44 

375 

10202 

40 

991 

1.1192 

70 

2442 

1.3635 

158 



500 

483 9 

0 9783 
43 

379 

1.0162 

27 

961 

1.1123 

58 

2354 

1 3477 
111 

6277 

1.9754 

339 

600 

580.7 

0.9740 

24 

395 

1.0135 

28 

930 

1.1065 

46 

2301 

1 3366 
75 

5049 

1 8415 
447 

700 

677 5 

0 9716 
43 

391 

10107 

27 

912 

1.1019 

31 

2272 

1 3291 
77 

4677 

1 7968 
364 

800 

774.2 

0.9673 

44 

407 

1.0080 

28 

908 

1.0988 

58 

2226 

1.3214 

54 

4390 

1.7604 

371 

900 

871.0 

0.9629 

30 

423 

1.0052 

27 

878 

1.0930 

57 

2230 

1 3160 
76 

4073 

1.7233 

164 

1000 

967.8 

0.9599 

40 

426 

1.0025 

8 

848 

1 0873 
58 

2211 

1 3084 
75 

3985 

1.7069 

152 

1100 

1064.6 

0.9559 

30 

458 

1.0017 

27 

798 

1.0815 

45 

2194 

1 3009 
76 

3908 

1.6917 

204 

1200 

1161.4 

0.9529 

30 

461 

0 9990 
16 

780 

1.0770 

43 

2163 

1 2933 
65 

3780 

1.6713 

218 

1300 

1258.1 

0 9499 
31 

475 

0 9974 
28 

753 

1.0727 

44 

2141 

1.2868 

56 

3627 

1.6495 

217 

1400 

1354.9 

0 9468 
30 

478 

0 9946 
16 

737 

1 0683 
45 

2129 

1 2812 
64 

3466 

1.6278 

168 
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1451.7 
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30 
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0 9930 
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10638 

31 

2110 

1.2748 

48 

3362 

1.6110 

164 
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0.9408 
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0.9913 
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1.2700 
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1.5946 
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Table 95 — {Continued) 


Jt 

p 

20 


100 


200 


300 


400 

p 












1700 

1645.3 

0.9378 

520 

0.9898 

691 

1.0589 

2059 

1.2648 

3147 

1 5795 



44 


16 


31 


41 


138 

1800 

1742 0 

0.9334 

548 

0 9882 

676 

10558 

2049 

1 2607 

3050 

1.5657 



44 


16 


31 


52 


86 

1900 

1838.8 

0.9290 

576 

0.9866 

661 

10527 

2028 

1.2555 

3016 

1.5571 



17 


16 


32 


40 


125 

2000 

1935 6 

0.9273 

577 

0 9850 

645 

1.0495 

2020 

1 2515 

2931 

1.5446 



30 


27 


31 


41 


72 

2100 

2032.4 

0.9243 

580 

0.9823 

641 

1.0464 

2010 

1.2474 

2900 

1.5374 



40 


6 


32 


52 


99 

2200 

2129.2 

0 9203 

614 

0.9817 

615 

1.0432 

1990 

1.2422 

2853 

1.5275 



20 


16 


31 


40 


59 

2300 

2225 9 

0 9183 

618 

0 9801 

600 

1 0401 

1981 

1 2382 

2834 

1 5216 



17 


16 


31 


41 


111 

2400 

2322 7 

0 9166 

619 

0 9785 

585 

1 0370 

1971 

1 2341 

2764 

1.5105 



16 


16 


18 


40 


72 

2500 

2419 5 

0.9150 

619 

0 9769 

583 

1 0352 

1949 

1 2301 

2732 

1 5033 

<-» 


400 


500 


550 


600 


650 

A 

P 










P 


t 









900 

8710 

1 7233 

7476 

2 4709 









164 


1304 







1000 

967 8 

1.7069 

6336 

2.3405 

4016 

2.7421 







152 


916 


1385 





1100 

1064 6 

1.6917 

5572 

2 2489 

3547 

2 6036 







204 


676 


1090 





1200 

1161 4 

1 6713 

5100 

2 1813 

3133 

2 4946 

2915 

2 7861 

3546 

3 1407 



218 


498 


771 


1065 


1991 

1300 

1258 1 

1 6495 

4820 

2.1315 

2860 

2.4175 

2621 

2.6796 

2620 

2.9416 



217 


452 


590 


828 


1317 

1400 

1354 9 

1 6278 

4585 

2 0863 

2722 

2 3538 

2383 

2 5968 

2131 

2 8099 



168 


348 


572 


736 


860 

1500 

1451 7 

1 6110 

4405 

2.0515 

2498 

2.3013 

2219 

2 5232 

2007 

2.7239 



164 


334 


373 


655 


773 

1600 

1548.5 

1 5946 

4235 

2 0181 

2459 

2 2640 

1937 

2.4577 

1889 

2 6466 



151 


276 


423 


510 


601 

1700 

1645 3 

1 5795 

4110 

1 9905 

2312 

2 2217 

1850 

2 4067 

1798 

2.5865 



138 


241 


356 


416 


628 

1800 

1742.0 

1.5657 

4007 

1.9664 

2197 

2 1861 

1790 

2 3651 

1586 

2.5237 



86 


218 


306 


415 


539 

1900 

1838 8 

1 5571 

3875 

1.9446 

2109 

2.1555 

1681 

2.3236 

1462 

2.4698 



125 


182 


304 


447 


524 


"■Tunmann, G, and Kfihenbeck, A., ^n» d. Phynk (S), 13, 63-79 (1932). 
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Table 9S—(Cottti»ued) 


»-* 

A 

F 

400 


500 


550 

I* 


600 


650 

W 

r 








■' 

2000 

1935.6 

1.5446 

72 

ms 

1.9264 

194 

19S7 

2.1251 

209 

1538 

2.2789 

252 

1385 

2.4174 

274 

2100 

2032.4 

1.5374 

99 

3696 

1.9070 

160 

1972 

2.1042 

206 

1495 

2.2537 

338 

1363 

2.3900 

357 

2200 

2129.2 

1.5275 

S9 

3635 

1.8910 

159 

1926 

2 0836 
207 

1373 

2.2209 

285 

1334 

2.3543 

257 

- 2300 

2225.9 

1.5216 

111 

3535 

1.8751 

146 

1878 

2.0629 

189 

1295 

2.1924 

232 

1362 

2.3286 

407 

2400 

Tm.i 

1.5105 

72 

3500 

1.8605 

136 

1835 

2.0440 

206 

1252 

2 1692 
219 

1187 

2.2879 

306 

2500 

2419.5 

1.5033 

3436 

1.8469 

1765 

2.0234 

1239 

2 1473 

1100 

2.2573 


VIII. L. H, Adams.*®* In the conversion of his ratios to specific vol- 
umes it has been assumed that the specific volume at 1 atm and 25 °C is 
1 0029 ml/g (Table 94). 




Unit of 

1 bar, of 

1 atm, of «* 

- 1 ml/g. 

Temp »2S'’C. 



P 



P 

»• 


P 

»• 

500 

493 5 

0.9817 

4000 

3947.7 

0.8874 

9000 

88823 

0.8166 

1000 

9869 

09635 

5000 

4934.6 

08695 

9630' 

95041 

0.8098 

1500 

14804 

09472 

6000 

59215 

08540 

10000 

98692 

0.8059 

2000 

19738 

09328 

7000 

6908.5 

08402 

11000 

10856 2 

07964 

3000 

2960.8 

09071 

8000 

7895.4 

08278 

12000 

118431 

0.7876 


IX. M. Trautz and H Steyer *®^ These authors have published values 
for the specific volume of water in the range 50 to 300 atm and 0 "C to 
near saturation or to 370 °C M Jakob *®* regards these values as inferior 
to those reported by Keyes and Smith in 1931 (see this table, Section VI). 

* Specific volume at 750 atm and 100 °C was published as 1 00912, giving A = 92 5 ; 
here it has been taken as 1 00902. 

* Specific volume at 850 atm and 80 "C was published as 0 99308, giving A = 67.9 ; 
here it has been taken as 0 99303 

* Additional values 


A 

-14 

A 

-13 


P r 


A 


S 

1300 



561 

6 




42 


1400 

607 

4 

603 

14 


40 




1500 

647 





* Equilibrium of water and ice- VI at 25 'C ; this pressure “is about 25 bars higher” 
than the one found by Bridgman 


"•Adams, L W , J Am Chtm Soe , 53, 3769-3813 (1931) 

Trautz, M , and Steyer, H., Forteh G*b%ett Ingemeum , 2, 45-52 (1931) -* Steyer, H , Z d 
I^»r d Ing.. 75, 601 (1930). 

"■Jakob, M., Engineering (London), 132, 143-146 (1931). 
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(Contlnoxd from p. 206) 

M. Dole and B. Z. Wiener*™ have reported that within their experi- 
mental error, which did not exceed one part in 10®, the density of a given 
sample of water is independent of the thermal history of the sample. 

But J. B. Peel, P. L. Robinson, and H. C. Smith have reported very 
queer changes in the density of water that has remained for a day or more 
in contact with carbon or with thoria. 

Density of Water. 

For the temperature of maximum density, see Section 36 With the 
exceptions of Tables 108, 109, and 110, referring to natural waters, all the 
data given below refer to air-free water unless the contrary is stated. The 
values for the density and the specific volume at a pressure of one atmos- 
phere are exceedingly accurate, but at higher pressures the data obtained by 
different observers do not always agree satisfactorily. 

The values given by V. Stott and P H. Bigg for the density and the 
specific volume at one atmosphere and for the range 0 to 40 "C are the 
means of the corresponding values published by P. Chappuis and by 

(Go to p. 250 ) 


Table 96.--Isonietric Association of the Pressure and Temperature 
of Compressed Water 

Adapted from E. H Amagat Derived from the same observations as 
his data in Table 95. 

Successive differences have been printed, in distinctive type, between 
the values from which they have been derived , v* = specific volume at 
t and P, Vo* = that at 0 °C and 1 atm Certain obviously erroneous values 
m Amagat’s tables, arising apparently from errors in transcription, have 
been changed on the basis of that assumption, so as to smooth the run of the 
differences They are marked, and the original values are given in a 
footnote. 

The following isometrics of water at temperatures and pressures dose 
to the critical have been published by C J v. Nieuwenburg and Miss 
H. B. Blumendal »®® ; unit of v* = 1 cm®/g of P = 1 kg*/cm*: 


adft 

350 

360 

. p 

370 

V* 

16 

250 

334 

412 

18 

168 

223 

286 

2.0 


189 

234 


Their values for temperatures and pressures exceeding the critical will be 
found in Table 36. 

*>* Amagat, E. H, Ann dt efttm. «( pfcja. (S), 2*, 68-136, SQS-S74 (1893). 

Mv Nieuwenburg, C. J., and Blumendal, (Hiaa) H. B., Rtc. trav. ehm. Payt-Bas, 51, 707- 
714 (1932). 
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Table 96 — (Continued) 

(Lines continued on p. 227) 

Unit of P" 1 atmosphere « 1.01325 megadyne/cm* Temp. os’* « 1 00013 ml/g 


t-* 

»*/»s 

0 


1 


2 


3 

4 







P 




0.99778 

43 45 
50 35 

-0 90 

42 55 
50 90 

-0 65 

4190 

51.40 

-0 22 

41 62 +0 06 

51.72 

41 68 
5211 

+0 32 

525 

93 80 
SI 3 

-03S 

93 45 
St SO 

-015 

93 30 
5195 

+010 

93 40 0 39 

5232 

93.79 
52 6 

0 71 

273 

145 1 

St 9 

-OIS 

144 95 
52 3 

+0 30 

145 25 
52 6 

047 

145 72 0 62 

531 

146 4 

53 6 

10 

0.99020 

197.0 
S3 I 

+0 3 

197.3 

535 

06 

197 9 
53 2 

09 

198 8 1 2 

54 0 

200.0 

54 2 

1.5 

0.98766 

250.1 

S3S 

07 

250 8 

54 0 

09 

251.7 
54 4 

11 

252 8 1 4 

54 9 

254 2 

55 3 

1.2 

513 

303 JS 
S4t 

12 

304 8 

55 t 

13 

3061 
55 3 

1 6 

307 7 13 

55 7 

309 5 
561 

2.1 

260 

358 4 
SS6 

IS 

359 9 

56 0 

15 

361 4 
56 6 

20 

363 4 2 2 

56 2 

365 6 

57 2 

24 

0 98007 

414 0 

ssa 

19 

415 9 

57 3 

21 

418 0 
57 7 

2 2 

420 2 2 6 

52 3 

422 8 

52 6 

27 

0 97753 

470 8 
Sit 

24 

473 2 

52 4 

2 5 

475 7 
52 7 

2 2 

478 5 2 9 

59 0 

481 4 

59 5 

31 

499 

528 9 

39 6 

27 

531 6 

59 9 

22 

534 4 
603 

31 

537 5 3 4 

60 7 

540 9 

60 9 

3 6 

0 97245 

588 5 
goo 

30 

591 5 
60S 

32 

594 7 
609 

35 

598.2 3 6 

613 

601 8 
612 

39 

0 96991 

648 5 

62 2 

35 

652 0 

62 5 

36 

655 6 
62 9 

3 9 

659 5 41 

631 

663 6 

63 5 

44 

736 

710 7 

62 6 

32 

714 5 

62 9 

40 

718 5 
630 

41 

722 6 4 5 

63 2 

727 1 

63 6 

47 

482 

773 3 

64 2 

41 

777 4 

64 7 

41 

7815 

65 4 

43 

785 8 4 9 

66 1 

790 7 

66 6 

5 2 

096227 

837 5 

65 7 

46 

842 1 

66 1 

42 

846 9 
66 5 

SO 

851 9 5 4 

67 2 

857 3 

67 7 

5 6 

0.95972 

930 2 

5 0 

908 2 

5 2 

913 4 

57 

919 1 5 P 

925 0 

6 2 


0 


5 

10 


15 

20 

30 


' 




P — 





1 0200 










150 










100 










050 










025 








36 5 

77.0 









219 


015 







3.2 553 

58.4 

77.6 








20 2 

22 4 


005 






5 2/8 

2 24 0 563 

80 8 

78.7 







10.2 

105 

113 


10000 

1.0 



37 

117 

15 4 19. 

.1 34.5 573 

92.4 

78,7 
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Table 96 — (Continued) 
(Lmei continued from p. 226 ) 


s 


6 

7 


8 


9 


10 





P ■ 






42.00 

+0 60 

42 60 +0 90 

43 50 

+1 25 

44 75 +1 75 

46 50 

+215 

48 65 

52.50 


52 25 

53 20 


5345 

53.6 


53.6 

94 50 

0 95 

95 45 1.25 

96 70 

1 50 

98 20 19 

100 1 

21 

102.2 

5ZS 


53 2 

53 6 


54 0 


54 4 


54.2 

147 4 

IJ 

148 7 1.6 

150 3 

19 

152 2 

2 3 

154 5 

2J 

157.0 

541 


54 4 

54 7 


55 1 


55 3 


55.5 

201 5 

16 

203 1 19 

205 0 

2 3 

207 3 

2 5 

209 8 

27 

212 5 

54 5 


54 9 

55 3 


55 7 


561 


56 5 

256 0 

2.0 

258 0 2 3 

260 3 

2.7 

263 0 

29 

265 9 

3.1 

269.0 

55.6 


56 0 

56 4 


56 6 


56 2 


57 0 

311 6 

24 

314 0 2 7 

316 7 

29 

319 6 

31 

322 7 

3J 

326 0 

56 4 


56 7 

57 0 


57.2 


57 7 


57 9 

368 0 

27 

370 7 3 0 

373 7 

31 

376 8 

36 

380 4 

3 5 

383 9 

57 5 


52 0 

52 3 


52 9 


59 2 


59 9 

425 5 

3 2 

428 7 3 3 

432 0 

37 

435 7 

3 9 

439 6 

4.2 

443 8 

sto 


59 2 

59 5 


59 7 


601 


60 5 

484 5 

34 

487 9 3 6 

491 5 

3 9 

495 4 

43 

499 7 

4.6 

504J 

60 0 


60 5 

610 


61 5 


61.2 


62 0 

544 5 

39 

548 4 41 

552 5 

44 

556 9 

46 

561 5 

42 

566 3 

612 


616 

62 0 


62 2 


62.5 


62 2 

605 7 

43 

610 0 4 5 

614 5 

4 6 

619 1 

49 

624 0 

51 

629 1 

62 3 


62 6 

62 9 


63 6 


64 0 


64 3 

668 0 

46 

672 6 4 2 

677 4 

5 3 

682 7 

5 3 

688.0 

5.4 

693 4 

63 2 


641 

64 6 


64 7 


651 


65 6 

731 8 

49 

736 7 S3 

742 0 

54 

747 4 

57 

753 1 

5 9 

759 0 

641 


64 5 

65 0 


65 6 


66 1 


66 6 

795 9 

5 3 

801 2 5 2 

807 0 

60 

813 0 

6 2 

819 2 

64 

825.6 

67 0 


67 5 

67 7 


67 2 


62 0 


62 4 

862 9 

5 2 

868 7 6 0 

874 7 

61 

880.8 

64 

887 2 

6 8 

894 0 

62 3 


62 2 

69 2 


69 7 


701 


70 3 

931 2 

6 3 

937 5 6 4 

943 9 

6 6 

950 5 

6 2 

957 3 

70 

964 3 

40 


SO 60 


70 


80 

90 


100 





P 










51 5 

134 5 

186 0 146 0 

332 0 

153 0 

485 0 





109 0 


112 0 

113 0 


112 0 



38 5 

122 0 

160 5 

137 5 

298 0 147 0 

445 0 

152 0 

603 0 



lllJ 


114 5 


117 5 

120 0 


122 5 



39 5 110 5 150.0 

125.0 

275 0 

140 5 

415 5 149 5 

S6S0 

160 5 

725 5 



114 0 112.0 


1220 


1130 

1145 


112 0 

57.0 

96 5 

153 5 114 J 268 0 

129.0 

397 0 

131 5 

528 5 1510 

679 5 

1640 

843 5” 

56 5 


52 5 61 5 


615 


72X1 

75 0 


75J 

113 5 

92J 

212 0 117.5 329 5 

129 0 

458 5 

142X1 

600 5 154 0 

754 5 

164J 

919 0 

22.5 


24 0 24 0 


25 5 


26 0 

26 5 


27 0 

136 0 

100 0 

236 0 117 5 353 5 

130 5 

484 0 

142J 

626 5 154 5 

781.0 

165X1 

946.0 

23J 


24 5 24 5 


25 5 


26.0 

26 0 


27X1 

159 5 

iOlJ) 

260 5 117.5 378 0 

131.5 

5095 

143 0 

652.5 1S4J 

807 0 

166X1 

973 0 

116 


IIJ 12J 


12 5 


t2J 

13J 


13J 

171.1« too 9 

272.0 118J 390.5< 

131J 

522 0 

143.0 

665 0 155 J 

820J 

1660 

986.5 
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Table 96 — (Continued) 
(Linet eoatinued oa p 229) 



0 


5 


10 

p 

15 

> 

20 


30 



9J 




lOJ 

103 

103 


113 


0 9995 

10.5 

-2.1 

84 

5 4 

13.8 123 

26 0 193 

45J 

52.4 

103.7 

793 


19J 


19.6 


20.4 

203 

21.6 


22.2 


85 

29.7 

-la 

28 0 

62 

34 2 123 

46 5 20 4 

66.9 

59.6 

126.5 

205 


193 


20X> 


20 3 

216 

22.1 


233 


75 

49.0 

-1.0 

48 0 

65 

545 136 

68 1 20.9 

89.0 

605 

149 5 

215 


SOjO 


522 


53X1 

543 

56 0 


523 


50 

99.0 

+1.2 

100.2 

7.5 

107.5 153 

123.0 22 0 

145 0 

623 

207.5 

24 0 


stja 


525 


545 

561 

515 


60 0 


25 

150.0 

2.7 

152.7 

9 3 

162.0 173 

179.1 23 4 

202.5 

653 

267 5 

25 5 


51.0 


530 


543 

56.4 

513 


593 


09900 

201.0 

41 

205.7 

11.1 

2163 133 

2353 243 

260 0 

670 

327.0 

22.0 


1054 


1033 


1123 

115 0 

112 0 


123 0 


0 9850 

306 4 

1J3 

314 2 

143 

329.0 213 

350 5 2/7 5 

378 0 

72 0 

450 0 

92 0 


109.6 


113 6 


1160 

1193 

1223 


1223 


800 

416.0 

IIJ 

427.8 

173 

445.0 243 

469J 303 

500 0 

723 

578.0 

96 0 


1130 


117 2 


121X> 

125 0 

1273 


132 0 


750 

529.0 

16 0 

545 0 

21X1 

566.0 233 

594.5* 323 

627 0 

23 0 

710 0 

100 0 


113X1 


mx) 


1253 

1273 

1313 


1373 


700 

647.0 

19.0 

666.0* 25 J 

691.5 303 

722 0 36.0 

758 0 

29 0 

847 0 

mo 


UIJ 


125 5 


130X1 

134 5 

1373 




650 

768 5 

23 0 

791.5 

30 0 

8215 35 0 

856 5* 323 

895 0 





127X> 


1320 


133X1 

132 5 





0 9600 

895.5 

23 0 

923.5 

3IX> 

954J 403 

995 0 





(-» 

000 

10.10 

20 40 

p 

29 45 


40.45 


48 85 

1.000 

r 

1.0 



34 54 

88 

86 

174 

86 

260 


200 




225 

232 


243 


248 

0.990 

201 

15 

216 

43 

259 61 

320 

97 

417 

91 

508 


217 


233 


241 

252 


263 


266 

0.980 

418 

31 

449 

51 

Ol 

8 

572 

108 

680 

94 

774 


230 


245 


260 

273 


283 


293 

0.970 

648 

46 

694 

66 

760 85 

845 

118 

963 

104 

1067 


247 


264 


280 

289 


306 


315 

0.960 

895 

63 

958 

82 

1040 94 

1134 

135 

1269 

113 

1382 


275 


229 


304 

316 


327 


334 

0.950 

1170 

77 

1247 

97 

1344 106 

1450 

146 

1596 

120 

1716 


295 


312 


324 

330 


342 


360 

‘Published values of the pressure were as 

follows: 1 

5% 09700, P 

s 266.0 

; 15% 


0.97S0, P = 598 S ; 15°, 0 9650, P * 850.5 ; 40% 1 0000, P = 171.S ; 60% 1.0000, P = 395.5 ; 
60% 09995, P = 405.0; 100% 1.0050, P = 8535 ; 0.00% 0.915, P = 2335, 
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Table 96 — (Continued) 

(Llnei continued from p 228 ) 

iO 50 60 70 80 90 100 

P 


11.9 


12J 


12.5 


13.0 


13.5 


13 0 

133 

183 0 

lOlJ 

284 5 

tt8S 

403 0. 

132 0 

535 0 

143 5 

678.5 

155 0 

833 5 1663 

1000.0 

24.0 


25.0 


24J 


25 0 


26 5 


26.5 


207.0 

102 5 

5095 

1180 

427.5 

132J 

560 0 

145 0 

705 0 

155 0 

8600 


24.0 


24 0 


2SJ 


26 0 


26J> 


27J0 


2310 

102 5 

333 5 

119J 

453 0 

133 0 

586 0 

145 0 

731 0 

156J0 

887 0 


60S 


63 0 


64.0 


65 5 


67 0 


69 0 


291.5 

105D 

396 5 

IZOJ 

517.0 

134 5 

65tJ 

1463 

798.0 

152 0 

956.0 


61.S 


63 5 


65 0 


660 


62Jb 




353 0 

107 0 

460 0 

122 0 

582.0 

135 5 

717 5 

1423 

866.0 




62 0 


62J 


65.0 


670 


62 5 




415 0 

107 5 

522 5 

124.5 

647.0 

137 5 

784 5 

150 0 

934 5 




12T0 


1315 


135 0 


139 0 






542 0 

112 0 

654 0 

128 0 

782 0 

141.5 

923 5 






122 0 


136 0 


140 0 








674 0 

116 0 

790 0 

132 0 

922.0 








136.0 


143 0 










810 0 

122 0 

938 0 










144 0 












954 0 













l-» 

t-w 

0 00 


10 10 


20 40 

P . 

29 45 


40 45 


48 85 

< ' 











0.940 

1465 

94 

1599 

109 

1668 

112 

1780 

158 

1938 

138 

2076 


158 


165 


171 


184 


189 


191 

0 935 

1623 

101 

1724 

115 

1839 

125 

1964 

163 

2127 

140 

2267 


162 


172 


179 


188 


193 


197 

0 930 

1785 

111 

1896 

122 

2018 

134 

2152 

168 

2320 

144 

2464 


169 


178 


189 


197 


206 


205 

0.925 

1954 

120 

2074 

133 

2207 

142 

2349 

177 

2526 

143 

2669 


176 


183 


193 


191 


199 


213 

0.920 

2130 

127 

2257 

143 

2400 

140 

2540 

185 

2725 

157 

2882 


195 


204 


205 


216 


228 



0.915 

2325* 

136 

2461 

144 

2605 

151 

2756 

197 

2953 




183 


192 


209 


213 





0.910 

2508 

145 

2653 

161 

2814 

155 

2969 
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Figuke 3. Isopiestic Variation of the Specific Volume 
of Water with the Temperature 
(See p, 214.) 

[Adapted from G Tammann and W JellinKhau^ Z anorg allgem Chem , 174» 225-230 (1928) 1 

Ordinates represent changes in the specific volume, 1 division = 2 mmvg, abscissas represent 
the temperatures, m °C 

For convenience, the several isopie^tics have been relatively displaced, crowded together, to the 
right 18 given for each isopiestic the specific volume corresponding to the ordinate division next 
bdow the lowest point of the Bridgman isopiestic The dots indicate the observations of E H 
Amagat [Ann chtm phys (6), 29, 68-136, 505-574 (1893)1, the circles, those of P W Bridgman 
IProc Am Acad Arts Set, 47, 439-558 (1912), 48, 307-362 (1913)1, and the crosses, those of 
Tammann and Jellinghaus (he ett ) The lines de and df connect the several mdting points as 
determined by Bridgman and by Tammann and Jellinghaus, respectively The pressure correspond- 
ing to each isopiestic is indicated 


Table 97. — Isopiestic Thermal Expansion of Water 

Adapted from a table computed by L B Smith and F. G. Keyes 
by means of an empirical equation representing their observations. They 
give the values to five significant figures, but in view of what they say about 
the limitations of their equation (see Table 95, Section VI), three signifi- 
cant figures seem to be sufficient for this compilation Similarly, it has not 
seemed necessary to give here their values for P = 1, 25, 75, 125, and 175 
atm; those for P = 1, extending only to t = 100 °C, are, to the precision 
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Table 97 — (Continued) 

of this table, identical with those for Pgat, and the others can be obtained 
without significant error by interpolation between those here given. Adja- 
cent to each t, is given the corresponding value of the pressure (Pgat) of 
the saturated vapor. Each value of (dv*/dt)f given under P^t m the body 
of the table is the limiting value approached along the isopiestic correspond- 
ing to Faat as t approaches that corresponding to saturation, i e., the asso- 
ciated t. The exponent n is given in the third column, and each value is 
to be used until another is given. 

Examples. At 140 °C the saturation pressure is 3 57 atm, along that 
isopiestic {dv*/dt)p at 140 °C is 10.48 X 10’^ = 0001048 At 150 °C and 
P = 50 atm, (dv*/dt)p = 1 10 X lO"* = 000110. 


Unit of P and of P«at = 1 atm, of (di^/dt)p 1 ml/g Temp ®C 


f 

P ul fl 

Paat 

50 

100 

150 200 

_ tAn 

250 

300 

350 


r 








0 

0 006 5 

-3 09 








10 

0012 

+9 39 








20 

0 023 4 

200 








30 

0 042 

295 

294 

294 

2 93 

2 92 

291 

290 

289 

40 

0073 

380 

3 78 

376 

374 

3 72 

370 

368 

366 

so 

0122 

4 57 

4 54 

4 51 

448 

4 45 

442 

4 39 

4 36 

60 

0.196 

5 28 

5 24 

520 

516 

512 

5 08 

504 

500 

70 

0308 

5 96 

5 91 

585 

5 80 

5 75 

5 70 

5 65 

5 60 

80 

0467 

661 

6 54 

648 

641 

6 35 

629 

623 

617 

90 

0 692 

724 

716 

708 

700 

6 92 

6 85 

678 

671 

100 

1 

786 

7 77 

767 

7 58 

749 

740 

732 

724 

no 

141 

8 49 

8 38 

826 

815 

8 05 

795 

785 

7 75 

120 

196 

913 

9 01 

888 

876 

865 

8 54 

8 43 

833 

130 

267 

9 79 

964 

9 49 

9 34 

9 20 

906 

893 

880 

140 

3 57 

10 48 

10 31 

1012 

995 

9 78 

962 

946 

9 32 

ISO 

4 70 3 

1 12 

1 10 

108 

106 

104 

102 

101 

099 

160 

610 

120 

1 18 

1 IS 

1 13 

1 11 

108 

106 

105 

170 

782 

128 

1 26 

123 

120 

1 18 

115 

1 13 

1 11 

180 

9 90 

137 

1 35 

131 

128 

125 

122 

120 

117 

190 

124 

148 

144 

140 

137 

133 

130 

1 27 

124 

200 

15 3 

159 

1 55 

151 

146 

142 

138 

135 

132 

210 

188 

171 

1 68 

162 

157 

152 

148 

144 

140 

220 

229 

186 

182 

175 

169 

163 

158 

1 53 

149 

230 

276 

2 02 

198 

190 

182 

176 

170 

164 

1 59 

240 

33 0 

2 21 

218 

207 

198 

190 

183 

176 

171 

2S0 

39 2 

2 44 

2 41 

228 

217 

2 07 

198 

190 

184 

260 

46 3 

2 71 

269 

253 

2 38 

226 

216 

206 

198 

270 

543 



283 

2 65 

2 50 

2 36 

2 25 

216 

280 

63 3 



322 

2 98 

2 78 

261 

247 

235 

290 

73 5 



3 72 

3 39 

313 

291 

2 73 

2 58 

300 

84 8 



443 

393 

3 57 

328 

3 05 

285 

310 

97 4 



546 

4 68 

415 

3 74 

3 43 

317 

320 

111 




5 76 

494 

436 

3 91 

3 55 

330 

127 




7.63* 

6.08“ 

518 

4 53 

403 

340 

144 




1099* 

7 89“ 

647 

5 53 

484 

350 

163 





1168“ 

828 

6.72 

5.76 

• For P = 175, 10*(<ii;V4O 

p = 6.68 at 330 

'C, 9 30 at 340 

“C, and 14.39 at 350 “C 
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Table 98. — Mean Isopiestic Coefficient of Thennal Expansion of Water 

For slopes of isopiestics see Table 97. Values for other pressures 
and ranges in temperature may be readily obtained from the values given 
in Table 95. 

Unit of P—1 atm— 1 0332 kg*/em>, of ^ — 1 kg*/cm* Temp.— f *C 

I. Pressure = 1 atm. Coefficients have been computed from the data 
in Table 94. They essentially agree with the earlier observations by G. T 
Gerlach,®®^ as quoted m the fifth edition of Landolt-Bomstein’s TabeUen. 

For ai the temperature is expressed in terms of the numbers x\ the 
first line contains the values for each degree from 0 to 9; the second, for 
each 10® from 0 to 90; the third, for each 10° from 5 to 95. Examples: 
The mean coeffiaent brtween 40 and 41 °C is 38.92 X lO"®, that between 
45 and 46 ®C is 43 X 10-®. 


«i = 10®(vt+i - vt)/vt-, aio = 10®(»t*io - vt)/\0vt. 



0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

i 


X 

-589 

-413 

-244 

-0.78 

4-081 

4-2.36 

4-3.86 

4-5 32 

673 

812 

lOx 

-5 89 

-1-9.45 

2120 

3075 

3892 

46 

52 

59 

64 

70 

lOsr-f-S 

■f-236 

15.67 

2618 

34.97 

43 

49 

56 

61 

67 

73 

t 



20 

30 

40 

50 

60 

70 

80 

90 

Ctit 



25 7 

34.6 

422 

49.2 

55.6 

615 

672 

727 


II. Derived from the same observations as the specific volumes given 
in Table 95. 

A = Amagat , taken from his more detailed table which differs slightly from and 
supersedes his earlier table *" The latter is still frequently quoted in certain important 
compilations 

B = Bridgman : computed by the compiler from B’s data in Table 95(111). 

SK = Smith and Keyes computed by the compiler from their table of specific 
volumes, with retention of more sigmficant figures than are given in Table 95 


Unit of P — 1 ntm, — 10*(i>,— /i)»i 


Intervals 

Observer-^ 

p 

A 

0° to 10° 
B 

SK 

A 

10° to 20' 
B 

flf 

» 

SK 

30° to 40° 

A B 

SK 






•v 





1 

1.4* 

2 

34 

14.9 

15 

14.8 

33.4 

35 

324 

100 

4.3‘ 


39 

16.5 


152 

34.5 


33.5 

200 

72 


4.3 

182 


15.3 

35.0 


335 

300 

98 


4.8 

20.5 


15 5 

357 


332 

500 

149 

12 


23.6 

27 


37.0 

37 


700 

19.2 



262 



37.7 



1000 

25.9 

27 


29.4 

29 


39.6 

38 


2000 

36.4 

40 


35.6 

38 


42.3 

42 


4000 


41 



42 



44 


6000 


36 



42 



47 



■■1 Gerlach, G. T , “Salzlfisungen,” Freiberg, 1839. 

>« Amagat, E. H., Compt rend.. 105, 1120-1122 (1887). 
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Table 98 — (Contmued) 


Interval-* 

Observer-* 

p 

A 

40“ to 50° 

B SK 

A 

60° to 70° 
B 

SK 

A 

70° to 80° 
B 

SK 











1 

’ 422 

43 

416 

556 

56 

553 

618 

62 

61.5 

100 

422 


413 

548 


546 



606 

200 

426 


409 

53 9 


53.9 

600 


59 8 

300 

42 3 


406 

528 


53 4 

59 0 


589 

500 

429 

50 


523 

48 


566 

57 


700 

43 4 



523 



55 4 



1000 

43 7 

45 


512 

53 



54 


2000 


46 



53 



49 


4000 


49 



49 



46 


6000 


46 



46 



45 



111. Comparison of Bridgman’s values of 1912 (B') and of 1935 (B"). 
The B' values have been computed from the specific volumes given in his 
table of 1912, and the B" ones from those given in Table 95, Section IV. 
The 1912 table is the basis of the International CrtHcal Table values, which 
are given in Table 95, Section III. 

a„ = 10®(tr2 - t'i)/(f2 - h)Vi 


Unit of ^ I kg*/cm*, of F ■■ 1 atm 


Interval 

Set-* 

*% T> 

0* 

B' 

-20° 

B" 

20° - 
B' 

-40® 

B'' 

40°- 

B' 

50° 

B" 

S0°- 

B' 

60® 

B" 

60° 

B' 

-80° 

B" 

80°- 100° 
B" 

0 


/ 

8 

8 

30 

30 

42 

42 

49 

49 

59 

56 

74 

500 

4839 

19 

24 

33 

31 

44 

26 

49 

S3 

55 

52 

60 

1000 

967 8 

27 

29 

36 

38 

44 

39 

49 

43 

53 

50 

56 

2000 

19356 

36 

36 

41 

43 

45 

45 

47 

44 

50 

47 

51 

4000 

3871.4 

41 

43 

43 

44 

45 

45 

46 

42 

48 

46 

45 

6000 

5807 

38 

45 

46 

47 

45 

45 

46 

43 

45 

42 

44 

8000 

7743 



51 


47 

42 

46 

39 

44 

41 

41 

10000 

9678 





48 

40 

46 

40 

45 

40 

40 

12000 

11614 





49 

40 

48 

40 

45 

40 

40 

IV. W. 

Watson.®”® 

L. 

Bouchet ®”* 

thinks that these values 

of a are 


vitiated by a systematic error. The pressures are all higher than the crit- 
ical {pnit = 225 65 kgVcm*), and most of the temperatures exceed lent 
(374.15 "C). At the higher temperatures the thermal expansion is several 
times as great as that of the ideal gas. These coefficients are with refer- 
ence to the volume (vq) at room temperature and the indicated pressure, 
a' = 10® ( 1^2 — Vi)/(f 2 — For the ideal gas a' = 341 if room tem- 

perature = 20 "C. 

Unit ot p^i kg*/cni’i ol I atm 


tl°-* 


100 

200 

200 

300 

300 

400 

400 

500 

500 

600 

600 

700 

700 

800 

800 

900 



r 








400 

387.1 

99 

600 

3280 

4300 





700 

677 S 

91 

380 

880 

1760 

1880 

1880 



1000 

967.8 

84 

280 

520 

1000 

1060 

1060 

1060 

1060 

* The specific volume passes through 

a minimum in the interval here covered 


*>■ Wation, W., Proc. Ray Soe. Edinburgh, 31, 456-477 (1911). Briefer report in Bar. Sachs. 
Cos. Wtss, Lttpstg (iIttth.-Phys ), 63, 264-268 (1911). 

•M Boudiet, L., Compt. rand, ITS, 5S4-S56 (1924). 
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Table 99< — laterpolation Formulas for the Thermal Expansion 

of Water 

Of the numerous interpolation formulas that have been proposed for 
the thermal expansion of water, those more frequently quoted are here 
assembled. In Table 100 the corresponding values defined by them are 
compared with one another and with the data of Tables 94 and 260. It 
will be seen that some of the formulas are entirely unsatisfactory, they 
should not appear in future hand-books or similar compilations. 

For temperatures not exceeding 100 °C, the pressure is assumed to be 
1 atm and invariable, for higher temperatures, it is the pressure of the 
saturated vapor, the water being contmuously saturated ; va = actual volume 
at 0 “C, Vt = volume of the same mass at t °C To each formula is assi^ed 
a key symbol serving to suggest its proposer and to identify the associated 
data in Table 100. 

The development of a formula for liquids has been discussed by E. Salz- 
wedel,*®* W. Jazyna,®**® W. Herz,®°'^ V. Fischer,^®* O. Tumlirz,*®® and 
others. 


L 

temp. 

Formulas of the type 10®(z't — Vo)/vo = a + bt -{■ ct^ + dfi + el*; 
= 1 °C. 

Key 

a 

b 

e 

i 

10"< 

Range, "C 

Ch' 

0 

-67.464645 

+8 934223 

-0.07891946 

0 

0 to 10.3 

Ch" 

-54.7835 

-55.24276 

+ 7.945055 

-0.04800150 

0 

10.3 to 13.0 

Ch'" 

-114.5565 

-42.940141 

+ 7.106115 

-0.02905759 

0 

13 to 41 

Hi 

0 

+ 108.679 

+3.0074 

+0 002873 

-6 6457 

100 to 200 

La 

0 

-53.255 

+ 7.61532 

-0 0437217 

+ 164 322 

30 to 80 

Pa‘ 

0 

-64.807 

+ 8.6697 

-0 26211 

0 

- 10 to 4 

Pi 

0 

-94.17 

+ 1.449 

-0.5985 

0 

- 13 to 0 

Sch 

0 

-64 268 

+8 50526 

-0.0678977 

+401.209 

0to33 

We" 

0 

-64.5 

+ 8.64 

-0.267 

0 

-10 to + 4 

ZT" 

+ 1100 

+ 75 

+35 

0 

0 

no to 140 


II Other formulas Temp. = / °C 

fu ^ — Formula ' ■■ 

, Vt-\ (t~ 3.9863)* t + 288.9414 

' “ », ” 508929.2 t + 68 12963 

, , 11,-1 (/ - 3.98)» t + 283 

"" " 503570 '1+67.26 

„ , - 1 (1 - 3.98)« 1 + 273 350 - 1 

" Vt ~ 466700 ’1 + 67 ’ 365 - 1 


Key* 

T-C 

, w, - 1 

1 - P ■ - 

Vt 

Th' 

t Vi- \ 

1 — p » - 

Vt 

Th" 

r. - 

We‘ 

lOe^-'*' 

\ Vt . 

ZT 

io.f - «»' 

V. Vt , 


Range, °C 

0 to 40 


^ ■ 0to40 

03570 1 + 67.26 

-3.98)» 1 + 273 350 -1 

66700 ■ 1 + 67 365 - 1 17 to 100 

8.2004(4 - 1) + 5.44402(4 - 1)» + 0.26698(4 - l)‘ - 10 to +4 
51700 + 845(1 - 110) + 3.5(1 - 110)» 110 to 140 



32. WATER: P-V-T DATA 


235 


Table 99 — (Continued^ 

• Key and references : 

Ch'i Ch", Ch"' Chappuis, P , Trav et Mtm Bur lut Poids ef Mr * , 13i D 1-D 40 (1907). 

Hi Him, C A , Ann de ektm et phys (4), 10, 32-92 (1867) 

La Landesen, G, Sckr. Naturf Ges Umv Jurjeff (Dorpat), No 14 (1904), based 

on his observations published in No 11 (1902; 

Fa Panebianco, H , Riv di mtn e cnst tlal. 38. 3-11 (1909); reviewed in Z Kryst . 

50, 496-497 (1912) 

Pi Pierre, T, Ann de ehtm et phye (3), 15, 325-408 (184S), see Frankenheun, 

M L , Ann d Phynk (Pagg ). 86. 451-464 (1852). 

Sch Scheel, K, Idem (IPted ). 47, 440-465 (1892). 

T-C Tilton’s unproved formulation of the observations of Chappuis, see Tilton, L W , 

and Taylor. J K,I Ret Nat Bur Stand. 18, 205-214 (RP971) (1937) 

Th' Thiesen, M , Scheel, K , and Diessclhorst, H , IVtss Abh Phynk Techn Retch- 

sanstalt, 3, 1-70 (1900). Ann d Phynk (Wted ), 60, 340-349 (1897) 

Th" Thiesen, M , Wist Abh Phynk Techn Retchsanstalt, 4, 1-32 (1903) 

We Wcidner, Ann d Phynk (Pogo ), 129, 300-308 (1866) 

ZT Zeperaick, K , and Tammann, <j, Z. phynk. Chem , 16, 659-670 (1895) 

‘ Both the formulas, Pa and We, are based solely upon the data reported by 
Weidner , their difference, actually msianificant, results from certain arithmetical 
errors in Weidner’s computation An examination of Weidner’s data shows that they 
do not justify the retention of more than three sigpiificant figures in each of the 
coefficients of the equation, and probably two would be en^gh 

In the Landolt-Bornstein Tabellen, the We formula is given incorrectly, the 
coefficients of the formula in Section II of this table being given as applicable to the 
formula of Section I The same error in the 1905 edition of those Tabellen was 
pointed out by H Panebianco in 1909, m the paper in which the Pa formula was 

derived That formula is now included in the Tabellen as an independent one, but 

the error in the We formula is perpetuated Furthermore, the reference given in the 
Tabellen for the Pa formula is Rtv dt turn e cnst ital , 38, 3 (1912) ; the year should 
have been given as 1909. 1912 corresponding to vol 41, in which there is nothing 
relating to the Pa formula 

* Actually published in the equivalent form shown in the second section of the 
table 

Table 100. — Comparison of Interpolation Formulas for the 

Thermal Expansion of Water 

0 

The several formulas, with their key symbols, are given m Table 99. 
For t § 100 °C the pressure is 1 atm; for t > 100 '’C the pressure is that 
of the saturated vapor. In the second column are given the values of 
10®(zit — vo^/vu as determined from the data m Tables 94 and 260, the 
doubtful digits being overscored ; Vo is the volume at 0 °C By adding to 
any of the values in column two the appropriate value of 8, the correspond- 
ing value of 10® (tit — vo)/vo as defined by the interpolation formula is 
obtained Example- The value of 10®(ri — Vo)/vo as defined by the Pi 
formula is 2583 — 210 = -t- 2373 at 12 °C, and -f- 195 -f- 3.9 = -t- 198.9 
at - 2 °C 

Since the values in column Obs for the range 0 to 40 "C have been 
derived by the T-C formula, the 8 for that formula is zero throughout this 
range. Parentheses enclose values of 8 that he beyond the range of the 
formula. It is obvious that formulas Pi, We = Pa, La, Hi, and ZT are 
quite unsatisfactory. 

•“Salzwedel, E, Ann d. Physik (5), 5, 851-886 (1930) 

•“Jazyna, W., Z Phynk. 58, 429-435 , 436-439 (1929) 

"a Herz, W , Z Elektroch , 32, 460-462 (1926) 

•“ Fiacher, V , Ann d Phynk (4), Tl, 591-602 (1923). 

“•Tumlirz, O, Site -her Akad fVus. fVten (Abt. lla), 130, 93-133 (1921). 



Value of aa defined by formula is 0bs+9< Temp. 
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1636 9 0 - 0.3 + 3.3 + 5.1 
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• Table 101. — Thermal Slopes of the Isometrics of Water 

(For mean isometric thermal coefficient of pressure, see Table 102) 

Bridgman’s data (B) have been read from his published graphs [P. W. 
Bridgman *• ^®] ; the others have been adapted from G. Tammann 

and A. Ruhenbeck.®®® 

*' 1,20 and Wi.o = specific volumes at 1 atm and at 20 °C and 0 °C, respec- 
tively ; V* = actual specific volume , pressure = 1 atm -1- p. t/i, 2 o = 1 00177 
and «/i.o = 1.00013 ml/g 


Umtof#-lkg*/cm*-0 9678Btm TMnp-(°C 



0 

20 

40 

60 

80 


0 

20 

40 60 

80 

p 






p 




0 

-05 

+4 5 

91 

12 5 

15 0 

■v 

10000 


410 398 

36 0 

1000 

+60 

92 


152 

158 


11000 


43 0 416 

37 5 

2000 

114 

13 5 

15 2 

174 

174 


12000 


44 1 423 

376 

3000 

15 7 

168 

180 

19 5 

19 2 


0 

20 

40 60 

80 

4000 

188 

19 7 

206 

218 

215 


r*/Pi,o / ■' — ■ 


(dp/dt).(B) 


5000 

203 

220 

234 

24 3 

23 6 


100 -1 

+41 

94 135 

152 

6000 

178 

254 

270 

27 0 

260 


095 +72 

110 

140 171 

180 

7000 


328 

30 8 

302 

284 


090 161 

180 

19 6 220 

230 

8000 


385 


332 

308 


0 87. 19 8 

212 

23 8 25 6 

26 5 

9000 



38 0 

36 7 

33 5 


085 185 

270 

300 310 

317 





TefYiTMawT* 

. and 






2 11 


2 11 

2 18 

2 25 

> 

t 

idP/dO. 

P 

(dP/dO, 

P 

UP/dl), 

p 

(.dp/dt). 

P 

S2S 


142 

1692 

13 6 

1640 

123 

1508 

10 7 

1368 

S7S 


118 

2348 

120 

2278 

107 

2028 

96 

1876 

625 


73 

2812 

74 

2762 

87 

2565 

83 

2323 


Table 102. — Mean Isometric Thermal Coefficient of Pressure of Water 

(For slopes of isometrics at 0 to 80 and 500 to 600 °C, see Table 101) 


Adapted from E. 11 Amagat,®®® with correction of certain computational 
errors and with adjustment to accord with Table 96 
1 fPi -Pi\ 

y = — 1 ; */ = volume of a certain mass of water at P and t, 

Pl\t2 — h /V 

Vo = that of the same mass at 1 atm and 0 °C. 




Unit of 

■» = !(' 

’C)-» 

Temperature, are *, 

“C and tji 

'C 




0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

V/Vo 

10 

20 

50 

40 

SO 

60 

10*7 

70 

80 

90 

100 

10200 








261. 

785 

461 

10150 







317, 

857 

493 

355 

10100 






280. 

834 

511 

360 

284 

1.0050 




211. 

169, 

747 

481 

331 

286 

241 

10025 




868 

554 

392 

310 

256 

218 

1.0015 



1725. 

133, 

735 

498 

369 

294 

247 

211 

10005 

27<» 

833. 

237. 

974 

633 

451 

348 

281 

237 

203 

1.000 

168. 

852 

590 

435 

337 

274 

234 

202 
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TaUe 102 — (Continued) 


(i-» 0 10 so 30 40 50 60 70 80 90 ' 

tf* 10 20 30 40 SO 60 70 80 90 100 


v/n 

0.9995 

314 

228. 

129. 

765 

555 

lOiy 

417 

328 


268 

229 

200 

0.9985 

152 

956 

891 

637 

493 

381 

310 


259 

220 


09975 

112 

633 

680 

545 

443 

358 

294 


248 

213 


0 9950 

86 

349 

431 

406 

360 

304 

260 


225 

198 


09925 

80 

250 

321 

320 

303 

265 

233 


207 



0 9900 

79 

199 

258 

269 

259 

238 

213 


191 



0 9850 

74 

149 

190 

204 

207 

196 

181 





09800 

70 

124 

156 

166 

172 

167 






0 9750 

70 

108 

132 

141 

158 







0 9700 

69 

98 

117 

126 








09650 

69 

89 










09600 

66 











ti-» 

0 00 

10 10 

20 40 

29 45 

40 45 


0 00 10 10 20 40 

29 45 

40.45 


10 10 

20 40 

29 45 

40.45 

48 85 

<-•-* 

10 10 20 40 29 45 

40 45 

48 85 

v/va 



_ 10*v — 



ti/r. 



in*4y 





lu— y — 



f 





1000 



1760 

889 

588 

0 935 

62 

65 

75 

75 

79 

0 990 

75 

194 

258 

276 

259 

0930 

62 

62 

73 

71 

74 

0 980 

74 

110 

160 

172 

165 

0 925 

61 

62 

71 

69 

67 

0 970 

70 

92 

124 

127 

129 

0 920 

59 

62 

65 

66 

69 

0960 

69 

83 

100 

108 

106 

0915 

58 

57 

64 

65 


0950 

65 

76 

87 

92 

90 

0910 

57 

59 

61 



0940 

64 

68 

74 

81 

85 








Table 103. — Isothermal Compression of Water 

[See also Tables 104 (dilated water), 105 (mean between 1 and P atm ), 
and 106 (mean between P% and Po atm)] 

E. Brander®^" has found that Bridgman's 1912 values (see Table 95) 
up to 6000 kg^/cnr' can be represented by the empirical expression: 
Iogio(l + A p) = B(yi — Vp)/Vf where v^ and v* are the volumes of the 
same mass of water at the temperature considered and at the pressure of 
1 and p kg*/cm*, respectively, and A and B depend on the temperature 
only, taking the following values’ 

1 0 20 40 60 80 *c 

500A 0 136 0111 0 105 0 102 0106 cmVkg* 

B 2368 2 1668 2 128 2 084 2101 dimensionless 

C. Grassi,®^^ working within the range 1 to 10 atm, found the iso- 
thermal compressibility [j8 = - (l/v)(dv/dp)t] for a given temperature 
to be independent of the pressure ; it varied with the temperature, the fol- 
lowing values being reported : 

t 0 IS 41 108 134 180 18 0 25 0 34 5 43 0 530 °C 

10“p 50 3 51 5 49 9 48 0 47,7 46 3 46 0 45 6 45 3 44 2 44 1 per atm 

The following values have been selected from a table computed by 

Brander, E , See Seten Fenntca, Comm Phyt Math , T, No 7 (1934) 

•UGrassi, C, Ann dt ehim. et phys (3), 31, 437-478 (1851) -*} de Phorm et Chtm (3), 19. 
442-444 (1851). 



240 


PROPERTIES OF ORDINARY WATER-SUBSTANCE 


Table 103 — (Continued) 

L. B. Smith and F G. Keyes by means of an empirical equation repre- 
senting their observations, and have been rounded off to three significant 
figures (see remarks at head of Section VI of Table 95) theirs being 
given to five. They also give values for P = 1, 25, 75, 125, and 175 atm. 
Those for P = 1 atm, / J> 100 °C are, within the precision of this table, 
identical with those for P,«t : those for the other pressures can be satisfac- 
torily obtained by interpolation, except as noted 

Adjacent to each value of t is given the corresponding value of the pres- 
sure (P«at) of the saturated vapor. Each value of (dv*/dp)t given under 
P*at in the body of the table is the limit approached along the isotherm as 
P approaches P,at : v* is the specific volume 


Unit of P and of Pmi * 1 atm, of (dv*/dp)t^ 10“* ni]/£ atm. Temp ®C 


P-* 

t 

Pail 

P..> 

so 

100 

150 200 

250 

300 

350 

t 

0 

0006 

' 461 

450 

441 

431 

422 

413 

405 

396 

10 

0.012 

45 5 

445 

436 

427 

418 

409 

40.1 

393 

20 

0023 

45 2 

443 

43.4 

425 

416 

408 

400 

392 

30 

0042 

452 

443 

43 4 

426 

417 

409 

401 

393 

40 

0 073 

45 5 

446 

437 

428 

420 

412 

404 

396 

50 

0122 

460 

451 

442 

433 

42 5 

417 

409 

401 

60 

0196 

468 

45 8 

449 

440 

43 2 

42 4 

416 

408 

70 

0308 

478 

46 8 

459 

450 

441 

43 3 

424 

417 

80 

0467 

490 

480 

471 

461 

452 

444 

43 5 

42 7 

90 

0 692 

506 

495 

485 

476 

466 

45 7 

448 

440 

100 

1 

524 

513 

502 

492 

482 

473 

463 

454 

110 

141 

546 

534 

523 

512 

501 

491 

481 

472 

120 

196 

572 

55.9 

54.7 

53 5 

524 

513 

50.2 

492 

130 

267 

601 

58.8 

575 

562 

54 9 

53 7 

526 

514 

140 

3 57 

63 8 

62.2 

. 607 

59 3 

579 

566 

553 

541 

150 

470 

679 

66.1 

644 

62 8 

613 

59 8 

584 

57.0 

160 

610 

72 8 

708 

68 9 

671 

654 

63 7 

621 

606 

170 

782 

78 5 

76 2 

740 

720 

70.0 

681 

662 

64 5 

180 

990 

873 

826 

800 

776 

753 

731 

710 

690 

190 

124 

93 2 

900 

870 

842 

81.5 

789 

76 5 

741 

200 

153 

1028 

990 

953 

919 

887 

85 7 

828 

800 

210 

188 

1142 

1096 

1052 

1010 

971 

934 

900 

867 

220 

229 

1280 

122.5 

1169 

1118 

1070 

102 5 

983 

944 

230 

27.6 

145 

138 

131 

125 

119 

113 

108 

103 

240 

330 

166 

158 

148 

140 

133 

126 

120 

114 

250 

39 2 

192 

183 

170 

159 

150 

141 

133 

126 

260 

463 

226 

217 

197 

183 

170 

159 

149 

139 

270 

543 

270 


232 

212 

195 

180 

168 

156 

280 

633 



278« 

250 

227 

208 

191 

176 

290 

73 5 



342- 

300 

268 

242 

220 

201 

300 

848 



437 

371* 

324 

287 

257 

232 

310 

974 



623 

473° 

401' 

348 

306 

274 

320 

111 




634* 

514* 

433 

374 

329 

330 

127 




919 

693' 

556 

468 

406 

340 

144 




1653 

992* 

746 

603 

512 

350 

163 





1618' 

1054 

795 

651 

360 

184 





3816 

1693 

1094 

831 


•Value of (dv*/dp), for P = 75 is 296 at 280", 390 at 290° ; for P = 125, 400 
at 300°, 522 at 310^ ho at 320°; for P = 175, 434 at 310°, 567 at 320°, 784 at 330°, 
1125 at 340°, and 2318 at 350°. 
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Table 104. — ^Mean Isotbemal Compressibility of Dilated Water 
(Adapted from J. Meyer 

There is no discontinuity in the value of the compressibility ()9m) as 
P changes from positive (= pressure) to negative (= tension). 

Values of P for which no value of has been determined have been 
omitted from the table. 

Pm ^ (vi — V 2 )/vi(P 2 — Pi) ; here. Pi = 0,vi = volume at zero pres- 
sure and the indicated temperature, z »2 = volume of the same mass at the 
same temperature and Ps] the water always completely fills the vessel at 
P 2 and the indicated temperature, V 2 being the volume of the vessel under 
those conditions. 


p 

- 9 
-10 
-11 


Unit of 1 atm— 1 01325 megadynea/cm*. of 10-* per atm. Temp — < 

1 2 3 4 5 6 7 

/S. 


p 

- 2 

- 4 

- S 

- 6 

- 7 

- 8 
-10 
-11 
-12 
-IS 
-18 
-20 
-23 


f-* 

p 


48 3 


469 

469 

17 


46 3 

46 6 
468 

18 


464 

46 5 
467 


46 7 


465 


463 


46 6 


466 


465 


20 


21 


22 


462 

46.7 


-12 


484 

48 2 


47 7 

471 

467 


-13 



48 2 

477 

47 8 




-19 






470 

469 


-20 




476 

472 

470 



-21 





474 




-24 








471 

-26 




47.8 

476 

471 



t-» 

9 

10 

11 

12 

13 

14 

15 

16 


465 


468 


23 


24 


_ -7 



45.7 


45.3 

- 3 



46 5 



- 4 


468 




- 5 





461 

- 6 


473 




- 7 


471 


46.2 


- 8 


46.8 




- 9 

472 





-10 

473 



46.2 

464 

-12 

472 


465 


46.5 


Meyer, J., Abh. d Dcutseh, Bunttn Get, 3 No 1, whole number 6 (1911) 
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-13 

-14 

-IS 

-16 

-17 

-18 

-19 

-20 

-21 

-22 

-23 

-24 

-26 

-27 

-29 


p 

+ 7 
+ 6 
+ 4 
+ 3 
+ 2 

- 2 

- 4 

- S 

- 6 

- 7 

- 9 
-10 
-11 
-12 
-14 

-16 

-18 

-20 

-21 

-23 

-26 

-29 

-30 


Table 104 — (Continued) 


IT 

18 

19 

20 

21 

A 

22 

23 

24 


474 

47.1 

472 


"■I 

468 

470 

46.5 

467 

46.7 

46.8 

468 

47.1 

46.2 

474 

476 

474 

475 


470 

468 

46.9 

469 

47.2 

46 J 

463 

463 

464 




47.2 

474 

47 5 

473 

46.4 


2S 

26 

27 

28 

29 

O 

30 

31 


46.1 

45 8 

46 4 



460 

456 

458 

466 





461 

462 

454 

46.5 

463 

460 

45 8 



45 7 
451 

45 4 

451 


461 

462 




45 2 




453 

460 457 

461 458 


459 

460 

45 8 

46 0 
459 

461 

462 
461 


Table 105. — Mean Isothermal Compressibility of Water 
Between Pressures 1 and P 

(Between Pi and Pa, Table 106; adiabatic compressibility, Table 107; 
natural waters. Table 110). 

Values for other temperatures and pressures may be readily obtained 
from the specific volumes as given in Table 95. 
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Table lOS — (Conttnued) 

These mean compressibilities [/3m = {vi — Vp)/{P — l)i'i] cannot be 
satisfactorily represented by an expression of the form = a — bP, which 
has been proposed by K.Drucker®*® and by A.L.T.Moesveld.®^* The former 
gives for 10®o and 10®&, respectively, the values 47 0 and 0.01 1 5 at 25 °C, 
and 46 3 and 0.015 at 35 °C; the latter gives 44 5 and 0 00492 at 25 °C. 
The unit of P is 1 atm m each case. W. Jazyna®*® has considered the 
calculation of the compressibility from other data. 

/3m = (vi — Vp)//P — l) 2 'i or (wo — Vp)/Pvo, where Vn, Vi, and Vp 
are the volumes of the same mass of water at the same temperature but 
under the pressures 0, 1, and P, respectively. The values of Vi have been 
taken from Table 94, unless others have been specified m the article cited. 
As t varies, /8m passes through a minimum at about 40 or 50 °C for 
Amagat’s and most of Bridgman’s observations, but near 30 °C for the 
values given by Smith and Keyes and for some of Bridgman’s more recent 
data. 


Unit of atm« of P6*l bar, of kg^/cm*, of ^iii = t0“* per unit of pressure Temp ®C 


t-* 

p 

0 

10 

20 

30 

40 

ffy, 

SO 

60 

80 

100 

Ref* 












1 

515 

48 4 

46 4 

45 3 

448 

44 7 

45 0 

467 


R 


503 

478 

45 9 

448 

443 

444 

448 

461 

482 

T 

<10 

503 

483 

460 

45 3 

445 

441 




G 

25 

52 5 

50 0 

491 







A 


45 7 

45 3 

449 

44 8 

449 

45 2 

45 7 

47 4 

49 9 

SK 

50 

520 

496 

483 

48 0 

45 5 

459 

463 


487 

A 


45 6 

45 0 

447 

44 6 

447 

45 0 

45 5 

471 

49 7 

SK 


500 




432 


43 5 

44 8 


J 

100 

512 

483 

469 

46 0 

449 

44 9 

45 0 



A 


510 

48 0 

47 5 

45 7 

465 

43 7 




A’ 


450 

44 5 

442 

44 1 

442 

446 

45 0 

46 6 

491 

SK 

200 

50 0 

471 

45 4 

44 5 

43 8 

43 6 

441 

45 8 

47 4 

A 


500 

47 2 

46 2 

445 

401 

431 




A' 


441 

436 

43 3 

43 2 

434 

43 7 

442 

45 8 

482 

SK 

300 

492 

46 4 

446 

43 6 

429 

42 8 

431 

449 

468 

A 


49 2 

461 

45 0 

43 8 

430 

42 8 




A' 


43 2 

42 7 

42 4 

42 4 

425 

42 9 

43 3 

44 9 

472 

SK 

500 

476 

450 

433 

42 3 

416 

414 

416 

43 3 

454 

A 


47 5 

448 

43 4 

42 4 

417 

416 




A' 


466 

446 

42 3 

418 

415 

401 

39 5 

42 0 


B 

1000 



403 

39 5 

389 

38 7 

38 9 

39.9 

417 

A 


440 

417 

403 

39 4 

386 

38 7 




A' 


434 

410 

39 6 

38 7 

384 

38 2 

38 2 

39 2 


B 

2000 

382 

365 

35 6 

349 

344 

342 




A' 


380 

362 

351 

34 6 

342 

341 

342 

344 

35 0 

B 

3000 

33.9 

32 7 

319 

315 

31 1 

310 




A' 


336 

324 

317 

31 1 

310 

308 

309 

31 5 


B 


"Dracker, K, Z phystk Chem , 52, 6W-704 (661) (1905) 
»« Moeivdd, A. L. T , Idem, 105, 450-454 (1923) 

"»Ja*yna. W, Z. Phynk, 58, 858-860 (1929) 
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Table 105 — (Continued) 


p 

-10 

0 

10 

20 

30 

40 

50 

60 

80 

Ref.« 






— p» — 





500 

ks 

45.8 

43.0 

41.6 

40.6 

40.4 

400 

40.0 

4ii 

B 



46.4 


39.7 


39.4 

404 

41.8 

43.2 

B' 

1000 

418 

422 

39.9 

385 

376 

373 

371 

37.1 

38.0 

B 



426 


386 


37.0 

372 

37.8 

39.0 

B' 

1500 

40 0 

393 

37.5 

36.3 

355 

352 

35.1 

35.1 

360 

B 


42.5 

395 


360 


350 

350 

357 

36.3 

B' 

2000 

38 6 

370 

35.4 

34.4 

337 

33 4 

332 

334 

341 

B 


39 4 

370 


344 


333 

33.1 

33.4 

342 

B' 

3000 

344 

328 

31.7 

309 

311 

302 

30.1 

30.2 

311 

B 


346 

329 


31 1 


302 

301 

302 

30.8 

B' 

5000 

28 3 

274 

26 7 

262 

261 

258 

257 

25 8 

262 

6 


28.4 

272 


261 


25.4 

25.4 

25 5 

260 

B' 

7000 



233 

230 

23.0 

22 5 

22.5 

22.5 

229 

B 







22 2 

22.2 

222 

226 

B' 

10000 





193 

191 

191 

191 

19 3 

B 







188 

18.8 

188 

191 

B' 

12000 






174 

174 

17 4 

176 

B 







171 

172 

172 

174 

B' 



1 

(-25 "C 

Unit of Pt-1 bar 

- 10* dynes/cro* •• 




Ps 

500 

1000 

1500 

2000 

3000 

5000 

7000 10000 

12000 

Pm 

425 

39.3 

370 

350 

31.5 

26 6 

23 2 196 

17.9 


“ References and remarks 

A EH. Amagat. Values derived from Table 95, Section I 

A' E. H. Amagat Values derived from Table 95, Section II 

B P. W. Bridgman Values in the first section of the table (pressure^ in 
atm) derived from Table 95, Section III , those in the second section 
(pressure in kgVcm*) deriv^ from his table,*" from which the values 
in Table 95, Section III, were derived. 

B' P. W Bridgman*" Values derived directly from the table there given 

G C Grass!.** Between 1 and 10 atm he could detect no variation of Pm 

with the pressure. Values here given were obtained by interpolating 
between his values of P, which may be found in Table 103. 

J R S. Jessup.** Merely incidental determinations made for the purpose 
of testing his apparatus 

R C R Randall.*** Values he derived from his determinations of the adiabatic 
compressibility (/5.) by means of the formula P = Pm + T(dv/df)'/vcr; 
even at 86 °C the last term is less than 10 per cent of Pa. 

SK L. B Smith and F. G. Keyes.*" Values derived directly from their 
table of specific volumes. 

T D Tyrer.*" Values he deduced from his determinations of the adiabatic 
compressibility. (See R, above.) 


"Jessup, R S , Bur. Stand. J. Res., 5, 985-1039 (RF244) (1930) 
"Randall, C R, Bur. Stand. J Res., I, 79-99 (RF402) (1932). 
"Tyrer, D., /. Chtfu. Sac. (London), 103, 1675-1688 (1913). 
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Table 106. — Mean Isothermal Compressibility of Water 
Between Pressures Pi and Pa 

(For Pi = 1 or 0, see Table 105; for adiabatic compressibility, see 
Table 107 ; for natural waters, see Table 110.) 

Values for other temperatures and pressures than those here given may 
be readily obtained from the specific volumes as given in Table 95 and from 
the more extended original tables from which these have been taken or 
computed. 

A few values for 0 and 30 °C and for irregularly distributed pressures 
up to 95 atm have been published by Earl of Berkeley, E. G. J. Hartley, 
and C. V, Burton.®^* They do not differ significantly from those found by 
others, and are not given in this table. 

Pm = {vi — » 2 )/(P 2 — Pi)»i, where Vi and are the volumes of the 
same mass of water at the common temperature indicated and under the 
pressures Pi and Pa, respectively. 


Unit of P — 1 atm; of S» — 10'*peTBtm 


/-> 0 10 20 30 40 50 60 80 100 


Pi 

r 




0.— 




' " S 

Ref* 






Pi-Pl-1-2S 






1 

52 5 

500 

491 







A 


45 7 

453 

449 

44.8 

449 

452 

45 7 

474 

499 

SK 

25 

51.6 

49.2 

476 







A 


453 

448 

445 

444 

445 

44 9 

45 4 

47.0 

480 

SK 

75 

502 

47 0 

45 3 







A 


445 

440 

436 

436 

437 

440 

446 

461 

48.6 

SK 

125 

491 

463 

446 







A 


43 6 

431 

42 9 

42 8 

429 

433 

43 8 

45 3 

477 

SK 

175 

48 8 

460 

43 8 







A 


428 

42 3 

421 

420 

422 

42 5 

430 

446 

469 

SK 





P«-Pi+100 






0 

51 1 

48 3 

46 8 

46 0 

449 

449 

45 5 


47.8 

A 


446 

441 

43.8 

43 7 

438 

441 

446 


48.7 

SK 




45 8 







RS 

100 

492 

461 

442 

436 

429 

425 

42 7 


468 

A 


43 3 

428 

42 6 

426 

427 

43 0 

43 5 

451 

474 

SK 




44 8 







RS 

200 

48.0 

453 

43.4 

424 

414 

41.6 

415 

436 

459 

A 


41.7 

413 

41 1 

41 1 

412 

416 

42 0 

43 5 

45 7 

SK 




424 







RS 

400 

45 5 

43 0 

415 

406 

404 

39 9 

394 

408 

43 4 

A 




399 







RS 

600 

42.9 

40 5 

39 4 

387 

382 

37 7 

38.3 

387 

407 

A 

800 

40 6 

38.9 

373 

374 

36.2 

36 2 

363 

363 

38.2 

A 

900 



36 5 

.36 0 

353 

353 

360 

35 7 

37.1 

A 






P»-Pi-h500 





1 

47.5 

447 

43 4 

424 

41 7 

416 




A' 


46 6 

44.6 

42 3 

418 

415 

401 

39 5 

42 0 


B 


465 

436 








TJ 


•UEorl of Berkeley, Hartley, E. G. J., and Burton, C. V., PM. Trans (A), 218, 295-349 (1919). 
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Table (Continued) 


t-* 

Pi 

0 

10 

20 

30 

40 

At *■"“ 

so 

60 

80 

100 

Prf * 






P,-P,+500 





500 

416 

395 

380 

35 5 

362 

366 



A' 


41.0 

381 

377 

365 

362 

369 

375 

37.1 

B 


416 

388 







TJ 

1000 

358 

348 

33 8 

33 7 

330 

32 5 



A 


36.0 

34 8 

339 

331 

33.0 

331 

333 

33 8 

B 


345 








TJ 

1500 

324 

313 

309 

301 

305 

300 



A 


326 

312 

304 

305 

300 

29 9 

302 

306 

B 

2500 

261 

259 

25 7 

25 8 

254 

254 



A 


261 

260 

25 7 

25 4 

255 

251 

252 

25 8 

B 

4000 

207 

21 1 

210 

20 9 

208 

20 9 

206 

21 1 

B 

6000 

170 

170 

171 

16 6 

168 

16 7 

166 

16 7 

B 

8000 



139 

134 

131 

13 6 

13 6 

13 7 

B 

10000 




116 

118 

118 

117 

116 

B 

11500 





115 

115 

114 

113 

B 


Tempemturea above 100 °C 


p, 

p. 

120 

140 

160 

180 

200 

220 

Ref • 

2S 

50 

531 

580 

648 

74 0 

864 

104 4 

SK 

300 

350 

476 

51 S 

566 

63 4 

72 0 

833 

SK 



240 

260 

280 

300 

320 

340 360 



Pi Pi , S. , Ref • 


300 

350 

978 

117 

144 

184 

251. 

380 

584 

SK 

t 

190 

200 

210 

220 

230 

240 

250 

260 

Ref* 

Pi 

13 0 

19 8 

190 

23 2 

27 7 

33 2 

296 

461 


Pi 

52 5 

578 

571 

519 

556 

548 

578 

529 



104 

114 

101 

91 

127 

139 

114 

174 

RY 


* References 

A EH Amagat®“ Values have been selected from his more extended 
table 

A' EH Amagat As for A, but from another of his tables 

B P W Bridgman Values computed from his specific volumes as given 
in Table 95, Section III 

RS T W Richards and W. N Stull “ 

RY W Ramsay and S Young 

SK L B Smith and F G Keyes “* Values derived directly from tlieir table 
of specific volumes 

TJ G Tammann and W Jellmghaus Values computed from their specific 
volumes as given in Table 95, Section V, the unit of pressure is in this 
case 1 kgVcm*, but the difference between that and 1 atm is of little 
importance here 


Table 107. — Adiabatic Compressibility of Water 
(For natural waters, see Table 110 ) 

The most accurate available values for the adiabatic compressibility, Pa, 
of water are probably (R), those derived by C. R. Randal from his 

wAmagat, E H, Ann de chtm ei phys , (6) 29, 68-136, 504-574 (548, 549) (1893) 
ULRichardi, T. W , and Stull, W N, Carnegie Jnst of Washington, Publ No 7 (1903) 7 
Am Chem Soc , 26, 399-412 (1904), and Z physik Chcm , 49, 1-14 (1904). 

■vRanmy, W*, and Young, S, Phil Trans (A), 183^ 107-130 (1892), 
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Table 107 — (Continued) 

measurements of the velocity of supersonic vibrations (fia — ^ = 

velocity, p = density). Earlier determinations (HL) by the same method 
were made by J. C. Hubbard and A. L. Loomis,®®*“ and similar determina- 
tions (P), based on the velocity of waves of audio-frequency, have been 
made by L. G. Pooler D. Tyrer determined fia directly (T) from the 
observed expansion that accompanied a sudden reduction of pressure from 
2 atm to 1 atm. These 4 sets of data (R, HL, P, and T) are given below. 

J. Claeys, J. Errera, and H. Sack have suggested that the adiabatic 
compressibility of water may exhibit a type of hysteresis. 


Unit of /9a" 1 cm* per megadyne"! 01325 per atm 


Method-^ 

Source®-* 

t 

0 

V eloetty- 

R 

hl‘ 

l^n 

P 

' 50 77 

5053 


5 

10 

47.71 

49 06 

47.66“ 


15 

20 

45 54 

46.47 

45 48* 


25 


4469* 

45 42 

30 

44 05 

44 05 

44 72 

35 

40 

43 08 

4351 

43 02 

43 72 

50 

4248 


43 09 

60 

4225 


4290 

70 

42.28 


4295 

75 

80 

86 

90 

100 

42 58 

4287 


43 01 


Temp 

•Direct 


~T " 

49 59 
47.13* 
45.00 

43.52 

4268 
42 24 

42 07 
4190 

41.99 

4214 

4234 


* Source : See head-matter 

* D Colladon and C Sturm “ found 10”/5.=49 5 atm'* at 10 C, which must be 
reduced by 1 65,"" giving 10"|S»=47 8 atm-‘=47 2 cm* per megadyne. 

•R. W Boyle, J. F Lehmann, and S C Morgan*^ found from the velocity of 
supersonic waves that 10"/S. = 46 1 cm'/megadyne at 12 °C 

* A. Pasuinskii *■ found 10*/3.=4S.S cm'/megadyne at 20 °C 

* S. Parthasarathy •” found 10"/3. = 44 9 cm'/megadyne at 24 C 


■■■•Hubbard, J. C., and Loomis, A L, Phtl. Mag (7). 5, 1177-1190 (1928) 

■» Pooler, L G , Phys Rev (2). 35, 832-847 (1930) 

•“Claeys, J, Errera, J, and Sack, H, Comft rend, 202, 1493-1494 (1936). 

•0 “ “ 
cAtm 
“Men 
1887. 

■x Bungetzianu, D, Bull Sac Roumaxue Set (Bucarest), 19, 1224-1246 (1229) (1910) 
■■•Boyle, R W., Lehmann, J. F., and Morgan, S C., Tram Roy. Soc Canada, III (S), 22, 371- 
378 (1928). 

■■■ Pasuinskii, A , Acta Physioehtm, URSS, 3, 779-782 (1935) 

■■■ Parthasarathy, S., Proe. Indian Aead Set. (A), 2, 497-511 (1935) 

•■• Beattie, J. A , Int Cnt Tables, 3, 100 (1928). 

■“ Knudsen, M H. C , “Hydrographische Tabellen,” Copenhagen, 1901 
■“Buchanan, J. Y., Proc. Roy 5oe. (Lvndon) (A), 23, 301-308 (1875) 

■“Hill, £. G., Proe. Roy. Soc. Edinburgh, 27, 233-243 (1907). 


Colladon. D, and Sturm, C, Mem Sav titrang inst fans, s, ioi-sni jinn ae 

et phys, 36, 113-159, 225-257 (1827), Ann d Physth (Pogg ). 12, 39-76, f 

1 , sur la compression des liquides et la vitesse de son dans 1 eau, 1827 , Ch. Schuchert, Gent, 
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Table 108. — Denrity of Sea-water: Pressure = 1 Atmosphere 

(For density at temperature of maximum density, see Table 134.) 

Sea-water contains about 35 g of salts per kg of sea-water. For the 
composition of the salts, and variations in the salinity and the temperature 
of sea-water, see Section 100. 

The following data are derived from a table by J. A. Beattie,®®® based 
primarily on the data given by M. H. C. Knudsen ®®^ and J. Y. Buchanan,®®* 
but with a consideration of those of E. G. Hill,®*® J. J. Manley,®®® Dittman,®®® 
F. L. Ekman,®®® R. Lenz,®®^ C. O. Makaroff,®®® C. von Neumann,®®* and 
T. E. Thorpe and A. W. Rucker.®®® 


Unitof p»l gnim/mli (p*l+10'*A)i%«peroent by weight, salts ■total Mlts Temp 

Pressure**! atm 


%C1 

%aalta 

0184 

0 

s 

10 

15 

20 

25 

50 

35 

0.1 

140 

149 

120 

58 

- 34 

-151 

-292 

-455 

02 

0.364 

287 

293 

261 

197 

+104 

- IS 

-158 

-322 

03 

0.545 

433 

436 

402 

335 

241 

+120 

- 24 

-189 

04 

0 725 

579 

579 

542 

474 

377 

256 

+110 

- 56 

05 

0.906 

725 

722 

683 

612 

514 

391 

245 

+ 77 

06 

1.086 

871 

865 

823 

751 

651 

526 

379 

210 

07 

1.267 

1016 

1007 

963 

889 

787 

661 

513 

343 

08 

1.447 

1162 

1150 

1103 

1027 

924 

796 

647 

476 

09 

1.628 

1307 

1292 

1243 

1165 

1060 

931 

780 

608 

10 

1808 

1452 

1434 

1383 

1303 

1196 

1066 

914 

741 

11 

1989 

1597 

1577 

1523 

1441 

1333 

1201 

1048 

874 

12 

2169 

1742 

1719 

1663 

1579 

1469 

1336 

1182 

1007 

1.3 

2350 

1887 

1861 

1803 

1717 

1605 

1472 

1316 

1140 

1.4 

2 530 

2032 

2003 

1943 

1855 

1742 

1607 

1450 

1274 

1.5 

2 711 

2177 

2146 

2083 

1993 

1879 

1742 

1585 

1407 

1.6 

2 891 

2322 

2288 

2223 

2131 

2016 

1878 

1720 

1541 

17 

3 072 

2468 

2431 

2364 

2270 

2153 

2014 

1855 

1675 

18 

3252 

2613 

2574 

2504 

2408 

2290 

2150 

1989 

1809 

19 

3.433 

2758 

2716 

2644 

2547 

2427 

2286 

2124 

1944 

20 

3613 

2904 

2859 

2785 

2686 

2564 

2422 

2260 

2079 

21 

3 794 

3049 

3002 

2926 

2825 

2701 

2558 

2395 

2214 

2.2 

3974 

3195 

3145 

3067 

2964 

2839 

2695 

2531 

2349 

2.3 

4155 

3341 

3289 

3208 

3104 

2978 

2831 

2667 

2484 


Table 109. — Specific Volume of Sea-water: Pressure Greater than 1 Atm 
(For the specific volume at 1 atm, take the reciprocal of the density 
as given in Table 108.) 

The data in Section A of this table, taken from the compilation of 
L. H. Adams,®®^ are from V. Bjerknes and J. W. Sandstrom ®®* and are 

"• Manley, J. J., Idem, 27, 210-232 (1907). 

'■■Dittman, "Rep. Set. Reanlts, Phyaici and C^mistry, Voyage H. M. S. ChoHenger," Vol. 1, 
1889* 

w Rkman, F. L , Kengl. Svenska Vet-akad. Hand!,, 9, No. 4, 1870. 

•"L^, R., Mim. de I'acad Set. Rtune (T), 29, No. 4, (1881) -» Forlwkr. d. Physik, 38i, 661- 
662 (1888) 

“■MakaroS, C O., I, Ruee. Phye. Ckem. See. (Ckem.), 23, II, 3048 (1891). 

■■■von Neumann, (^., Amt d. Phyetk (Pegg.), 113, 382 (1861). 

■“Thorpe, T. E., and Rucker, A. W., PkU, Trmu. (A), 166, 405420 (1876). 
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Table 109 — (Continued) 

based upon the observations of V. W. Ekman.®^® Differences of successive 
values of A are printed in distinctive type ; in the first two subsections they 
are between the values from which they have been derived, in the third 
subsection they are to the right of the greater A. 

Those in Section B are from the detailed practical tables of N. H. Heck 
and J. H. Service based upon the very extensive tables appended to the 
publication by Bjerknes and Sandstrom already mentioned. The values 
here tabulated were taken directly from the tables of Heck and Service; 
those they give for other salinities and temperatures may be reproduced, 
usually within 2 units in the Sth significant digit, by means of the formula 

Af^t^ = Aas.o.d — (6.48 + 0.0037Sd)t — 0.46t® + 

(8 - 0.283/ - 0.005/®) (r - 35) 

Within the limits they consider (s = 31 to 37, / = 0 “C to /*, being here 
tabulated), 8 varies with d as shown in the final portion of the table. The 
umts are as indicated below. 

Salinity = s = total salts per kg of sea-water ; specific volume = Vg = 
1 — 10"®A , pressure = P ; depth below surface = d =s (di + d 2 ) ; temper- 
ature = / °C ; A,,t,a = value of A for salinity s, temperature /, and depth d ; 
AsB,o,a = value of A for j = 35 g/kg, / = 0 “C, depth — d, Pj = pressure 
at depth d. 


Vmt o{ bar >0 9869 atm, of i—l g/lcg, o{ ml/g, of <<<*1 fathom— 6 ft— 182.88 cm. 

Section A 


(-» 

p 

0 


4 97 


9.97 

A 


14.96 


19.96 

(f-31.130) 

0 

/• ■■ '■ 

2440 

888 

35 

2405 

864 

65 

2340 

845 

89 

2251 

830 

113 

2138 

820 

200 

3328 

832 

59 

3269 

812 

84 

3185 

796 

104 

3081 

783 

123 

2958 

772 

400 

4160 

784 

79 

4081 

766 

100 

3981 

751 

117 

3864 

739 

134 

3730 
73 1 

600 

4944 

97 

4847 

115 

4732 

129 

4603 

142 

4461 

(s-38 525) 










0 

3004 

866 

45 

2959 

845 

72 

2887 

830 

96 

2791 

813 

117 

2674 

803 

200 

3870 

813 

66 

3804 

793 

87 

3717 

775 

113 

3604 

767 

127 

3477 

757 

400 

4683 

766 

86 

4597 

749 

105 

4492 

736 

121 

4371 

725 

137 

4234 

717 

600 

5449 

103 

5346 

118 

5228 

132 

5096 

145 

4951 

Adams, 

L. H, 

Ini Cnt 

Tables, 

3, 439-440 

(1928) 






•“ Bjerknes, V , and SandstrSm, J. W., Cameoi* Iiut. ffashtuelon, Publ. 88, Part I (1910). 

•“ Ekman, V. W , Conrnl. 9«»iii. *»*. ftMpIvr. dt la tier. Pail, da Cirren. tto. 43, Copen- 


hagen, 1908. 

•“ Heck, N. H., and Service, J. H., U. 5. Coat! and Ctod. Survey, Spec. Pati. No. 108, (1924). 
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Table 109 — (Continued) 


1-0 "C,»- 

35 00 









p 


A 

p 


A 


p 


A , 

0 

^2736 


400 

4434 

404 


800 

5940 

361 

100 

3181 

445 

500 

4827 

393 


900 

6291 

351 

200 

3612 

431 

600 

sm 

382 


1000 

6633 

342 

300 

4030 

418 

700 

5579 

370 









Section B 





rf,-» 

100 

300 

500 

700 

900 

100 

300 

500 

700 900 

dt 








4 


0 

'2736‘ 

2985 

3147 

3309 

3469' 

"iT” 

22 

22 20 12 

1000 

3627 

3783 

3939 

4093 

4245 

8 

6 

4 

4 3 

2000 

4394 

4544 

4692 

4837 

4983 

3 

3 

3 

3 2 

3000 

5126 

5271 

5513 

5553 

5691 

2 

2 

2 

2 2 

4000 

5828 

5965 

6099 

6234 


2 

2 

2 

2 

di-* 

100 

300 500 

700 

900 

100 

300 

500 

700 

900 

dt 


f 















_ 



0 

763 

75 3 75.0 

74.3 

738 


55.4 

923 

129.3 

1665 

1000 

73 3 

728 723 

718 

713 

2036 

240 6 

278 0 

3154 

352 7 

2000 

708 

703 698 

69 5 

69 0 

390 2 

427 5 

4652 

502.6 

540 4 

3000 

685 

682 67.8 

672 

668 

5780 

616 7 

654 7 

692 7 

730.8 

4000 

662 

660 658 

652 


768 8 

807 0 

8451 

883 6 



*Thts value appears to be too great, the diffeience between the value for d ~ 100 
and d = 300 being 249, while the other differences for 200 fathoms are about 160. In 
fact, the value 2736 is that for the surface (See P = 0, end of Section A). 


(Continued from p, 225. 

M. Thiesen, K. Scheel, and H Diesselhorst Believing it better to keep 
the two sets distinct, I have not included that table in this compilation. 
The greatest difference between the two sets is 113 parts m 10^ and occurs 
at 41 ‘"C. 

Thiesen, Scheel, and Diesselhorst used the method of balanced columns 
of liquids, and their observations indicate that metal was dissolved from 
the tubes by the water. The amount so dissolved during the course of their 
second series of determinations was inferred, from the change m the elec- 
trical conductivity of the water, to have been such as to affect the density 
by 10 parts in a million. They endeavored to eliminate the effect of such 
solution by suitably combining related sets of data. Their observations 
were not very closely spaced with reference to the temperature. They 
combined their observations so as to obtain the density (p) at exactly 5° 
intervals from 0 to 40 °C. From these 9 values they determined the con- 
stants in the formula 

(t-3.98)» t + 283 
503570 * t + 67.26 

and by means of that formula computed the values given in their table. 

Chappuis used the weight-thermometer method, using both glass and 
platinum-iridium bulbs; observations were made at many temperatures, 
closely spaced and well distributed. He represented them Iqr a triad of 



32. WATER: P-V-T DATA 


251 


formulas m powers of the temperature (t °C), the constants being deter* 
mined with high precision (see Table 99). His table was computed by 
means of these formulas. Quite recently it has been found that there are 
systematic differences between the values in that table and the actual obser- 
vations of Chappuis, and that the actual observations can be more closely 
represented by the single formula 

. _ (t- 3.9863)2 f + 288.9414 

^ 508929 2 '/ + 68 12963 ^ ^ 

than by Chappuis’s triad , and a table has been computed by means of that 
formula That table is given in full in this compilation, together with the 
amounts by which each of the other two tables differ therefrom. 

The data given by P W Bridgman in his compilation are based upon 
those he had previously puhlished,®^^ and, with his recent paper,^'^® are the 
source of most of the data here attributed to him. 

An early study of the expansion of w'ater m the range —13 to -|-100°C 
was made by C Despretz,®” but the compiler has not found those data ; in 
the range —9 to -|-100°Cby the same investigator 2 ®® ; and in the range 
—4 to — 10°R by Salm-Horstmar 2 ®^ 

Tables and charts for compressed water, based, in the main, on data 
obtained at the National Bureau of Standards and at the Massachusetts 
Institute of Technology, have been published by J H. Keenan *®2 

Dissolved Air: Effect on Density. 

Dissolved air decreases the density of water The frequently quoted 
differences reported by W J Marek 2 ®® are the differences between the 
densities of water that has been freed from air by "xhaustion just before 
measurement and those of water, at the same temperatures, that has merely 
been exposed to air for intervals of 1 to 3 days 2 ®'* They refer to the rather 
ill-defined conditions generally encountered m practice, rather than to the 
extreme conditions of complete air-freedom and air-saturation of Chappuis’ 
work. Furthermore, when they are applied to those values for the density 
of air-saturated water which are published in the same paper, they lead to 
values of the density quite different from those generally accepted for air- 
free water (Table 93) The paper does not contain sufficient details to 
enable one to determine either the cause of the discrepancy or the accuracy 
of the differences, which are, in fact, about 43 per cent smaller than those 
published in his earlier (1884) paper The several reported results are 
shown in Table 92, p. 198 P Chappuis 2®< and W A. Adeney, A, G. G. 
Leonard, and A Richardson 2 ®® have studied the aeration of quiescent water. 
The former found that at 13 5 "C a layer 12 cm below the surface became 
half saturated in about a day, and 3/4 saturated in something over 4 days. 
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Recently, H. J. Emeleus et have reported that saturating water at 
20 °C with air reduces its density by an amount equal to that caused by 
increasing the temperature of the water by 0.01 “C ; that is, by 2 in 10®. 
That is much greater than the value given in Table 92. On the other 
hand, T. W. Richards and G. W. Harris®*^ found by essentially the same 
method that the change in density under those conditions is less than 2 in 
10^ which is about one-half the tabulated value. 

Isothermal Compressibility of Ratural Water. 

Three sets of data are given in Table 110. The first two have ulti- 
mately been either taken or derived from the tables given by V. Bjerknes 
and J. W. Sandstrbm®®® which in turn are based upon the observations of 
V. W. Ekman.®®® The first was selected by L. H. Adams for his com- 
pilation and gives for each of several pressures. The second has been 
adapted from the detailed practical tables compiled by N. H. Heck and 
J. H. Service ®®® from the tables of Bjerknps and Sandstrom. It gives the 
values of the compression (jS's — (dv*/dp)t, v* = specific volume) at 
0 °C, salinity = 35 g/kg, for each of several depths below the surface. If 
we write for the value of )3' for sea-water of salinity s, temperature t, 
and depth d, then the values that Heck and Service give for the ranges 
J =! 31 to 37, i = 0 to tm may be reproduced very closely by means of the 
formula 

lW,t4 = 10®;8'8B.o.d - (0.0238 - 2(10-«)d)i 0 000312<® - 

(O.OIS - l.l(10-8)d) (J - 35) 

the units being those named below. The pressures corresponding to the 
several values of d may be found in Table 109. 

The third set covers earlier data frequently quoted but less reliable than 
those covered by the other two. They were obtained by P. G. Tait and 
supersede those published in his earlier papers ®®® He summarizes these 
data in the following formulas : 

Spring water : 

10^/8„ = 520 -17p + p^- (355 + + (3 + per atm, and 

,050 186 /, 3f \ 

= Wr-p[^ - 4W + 

Sea-water : 

“ ife + im) f*' ““ 

10®^m = 481 — 21 25p -t- 2 25^® per atm. 

For solutions of NaQ at 0 °C, he gives : 

10®j8m = 186/(36 + ^ + j') per atm, when the solution contains s' 
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grams of NaCl per 100 grams of water ; s' was varied from 3.88 to 17.63. 
In neither pair are the two equations identical, but each was supposed to 
represent the data satisfactorily. In each of these equations, /3m is the mean 
compressibility between 1 atm and the pressure of p (long) tons* per sq. in. 

The sea-water was not more particularly described; neither the com- 
position nor the density is stated. Both it and the spring water were, pre- 
sumably, nearly saturated with air, though nothing seems to have been 
said about this in the original articles. In the last section of the table cer- 
tain values of /3m for pure, air-free w'ater (from Table 105) are given 
together with the corresponding ones as derived from Tait’s equations. 


Syn,loI.: ^ - i (?S)_, + i (fri),’ ^ “ W.-” = 

specific volume ; p = pressure ; A is value of p corresponding to 1 atm ; 
Vi is value of » at / °C and a pressure of 1 atm ; the value of the pressure 
may be represented by P, Pi, or p, or indicated by b; b = depth below the 
surface of the ocean ; s = salinity ; t„ = highest temperature for which 
Heck and Service give data against which the formula given above for 
may be checked. 


Table 110. — Isothermal Compressibility of Natural Waters 
(For source of data, explanation of symbols, etc. see text.) 


Unit of P(. = 1 bar = 0 9869 atm ; of F = 1 atm ; of ^ = 1 (long) 
ton*/in*; of /3 = 10** per bar; of /3m = 10*® per atm; of j3' *= 1 (cm®/g) 
per bar ; of d = (di + ^ 2 ) = 1 fathom = 6 ft = 182.88 cm ; of s = 1 g/kg. 
Temp. = / °C. 

A. Sea-water, 0 ”C, 35 g salts per kg of sea- water 

Pt ft Pt ft Pi ft Pt ft 

0 46 4 300 42 3 600 38 7 400 35 6 

100 4S0 400 410 700 37 6 1000 347 

200 43 6 500 39 6 800 35 6 


B Sea-water, 0 °C, 35 g salts per kg of sea-water P' = P'm.ot, P' = (,bv/dp), 
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700 

900 
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500 
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700 

900 
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0 

4 50 

444 



439 

433 

4 28 ' 

22 

22 

22 

20 

”12 

1000 

4 24 

4.19 

414 

409 

403 

8 

6 

4 

4 

3 

2000 

400 

394 

3 91 

3 87 

383 

3 

3 

3 

3 

2 

3000 

3 78 

3 73 

3 70 

365 

362 

2 

2 

2 

2 

2 

4000 

3 58 

3 55 

3 52 

3 47 


2 

2 

2 

2 

2 

C Pm 

S (Wi- 

Vp)/Vl(P 

-1), 

KfPm 

= a + bf+ ct*. 






Water-* 

ft 

p 

r 

a 

— Spnng — 
— J 

c 

r 

a 

Sea 

-6 

e 

0 

1 

52 0 

0355 

0 003 

48.1 

0.340 

0.003 

1 

152 

504 

0360 

0 004 

462 

0320 

0004 

2 

305 

49 0 

0365 

0.005 

448 

0 305 

0 005 

3 

457 

478 

0370 

0006 

43.8 

0.295 

0005 


■"Tait, P G., Btibl tu A»n. i Physik, 13, 442-445 (1889) *- “Sep. Sci Sesults V 07 H M S 
ChalltHger, Fhyi. and Chem.,’’ Vd 2, Fart 4, London, Edinburgh, and Dublin, 1888. 

«*Tait, P. G., Proc. Roy Soe. Edinburgh, 1^ 223-224, rS?-7S8 (1884), 15, 84 (1887). 
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Table \lO~(Cont\ntied) 


Water*-* 

SliT. 

Pure 

Sea 

' Spr 

10^ 

Pure 

Sea ‘ 


— 20 — 
Pure 

Sea 

" r- 

1 

52.0 

515 

48.1 

48.7 

484 

450 

461 

464 

425 

150 

504 

505 

462 

47.2 

476 

434 

448 

46 0 

41.4 

300 

49.0 

492 

448 

45.8 

464 

423 

437 

446 

407 

450 

47.8 

480 

43 8 

447 

45 3 

414 

428 

43 6 

399 


•The 3 samples of water are spring (=Spr), pure air-free (=Pure), and sea- 
water (= Sea). The data for the first and third have been computed by means of 
Tait’s equations; those for the pure water have been taken from Table 105. 


Adiabatic Compressibility (/3a) of Katural Waters. 

From the observed veloaty of sound generated by explosions in the 
sea, A. B. Wood, H. E. Browne, and C. Cochrane have concluded that, 
for sea-water at 16.95 ®C, under a mean pressure of 2 bars, and containing 
35 g of salts per kg of sea-water, 10®)8a = 42 7 per bar = 43 3 per atm. As 

33. Mechanical Equivalent of the Calokie 

By the mechanical equivalent of the calorie is meant the work required 
to produce the amount of heat designated as one calorie 

Several different calories have been used and must be distinguished if 
a higher accuracy than 1 or 2 in 1000 is desired. For this reason, among 
others, it is desirable to express quantities of heat in terms of a less ambigu- 
ous unit, such as the joule. For uncertainties in the value of the inter- 
national joule, see Section 2. 

Of the various calories that have been used, four are of particular impor- 
tance, having received widespread recognition. They are designated and 
defined thus ; 1 calis = amount of heat required to raise 1 gm of water from 
14.5 to 15 5 “C ; 1 caUo = amount of heat required to raise 1 gram of water 
from 19 5 to 20 5 °C; 1 cal« = 1 mean calorie = 1/100 of the amount of 
heat required to raise 1 gram of water from 0 to 100 °C, and 1 cal (ST) = 
1 cal (steam) = I Int. cal = 1 steam-table calorie = 1/1000 of the heat 
that is equivalent to 1/860 international kilow'att-hour = 4.18605 Int. 
joules. For the first three, the water is to be under an air pressure of 
1 atmosphere. The fourth, independent of the properties of any particular 
substance, was defined by the International Steam-Table Conference, meet- 
ing in London in 1929.®^® 

A fifth calorie (calm*), a mean calorie based upon air-free saturated 
water, has been proposed by N. S. Osborne, H. F. Stimson, and E. F. 
Fiock®** and defined as 1/100 of the change in the enthalpy (“heat con- 

•"Wood, A. B, Browne, H. E, and Cochrane, C., Proc Rey Soe (London) (A), 103. 284- 
303 (1923) 

•‘•Engmcenno (London), 128, 7S1-7S2 (1929); Z, Per. dontt Ing , 73, 1856-1858 (1929): Mteh. 
£*8.52, 120-122 (1930) 

■"Osborne, N. S, Stimson, H. F, and Fiock, £. F., Mtek. Eng, SO^ 152-153 (1928). 
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tent”) of 1 gram of saturated water on passing from 0 to 100 ®C. This 
exce«is 1 calm by only about 0.001 joule 

R. Jessel®'® has held that the heat capacity of water is significantly 
affected by the presence of dissolved air, and that air-free water must be 
used if highly reproducible results are to be obtained. With that view 
T. H. Laby and E. O. Hercus disagree. See also Table 1 12. 

The various results obtained for the mechanical equivalent of the calorie 
have been reviewed and discussed by J. S. Ames,*®® E. H. Griffiths,®®® 

Table 111. — Mechanical Equivalent of the Calorie 

The first value for cal 2 o and for calm has been taken directly from the 
compilation by T. H Laby and E O. Hercus.®®® 


Unit of work ~ 1 joule 10* ersa, unless value is followed by I ( « Int joule) 


Ref.* 

calu 

cal. 

cal. 

calm. 

ICT accepted 

4185* 

4181 

4186 


ICT mean 


41818 

41853 


LH (1927) 


41809 



OSF (1928) 



4188 

4 1876(1) 

OSG (1937) 




4 1876(1) 

RTB (1929) 

41852 




HJ (1926) 

41863 




L (1933) 

4186 

4182 




• References : 

“ICT accepted” are valuer accepted by tbe Intemattcnal CrtUeal Tahhs fl# 18 (1926)J. 
”TCT mean'* are the means given by Laby and IIereufl,“® and are based upon the work of 
Barnes, H T. Proe Rov <toe (London) (A), 82, 390-395 (1909) 

Bousheld, W R, and W K, PhU Trans (A), 211, 199-251 (1911) 

Callendar, H L, Idom, 212, 1-32 (1912) 

Day, W. S , Phil Mag (5), 46, 1-29 (1898) 

Griffiths, E H, Proe Roy Soc (London), 5$, 23-26 (1894), Phil Trans, (A), 184, 361- 
504 (1894); Idem, 186, 261-341 (1895) 

Henning, F, Ann d Phys\k (4), W, 759-760 (1919) 

Jaeger, W, and v Steinwehr, H, Sits Prettss Akad W\ss (Berlin), 1915, 424-432 (1915), 
^fin d Fhvstk (4), 64, 305-366 (1921) 

Reynolds, O, and Moorby, W II, Phil Trans (A), 190, 301-422 (1897) 

Rtspail, L, Ann dc ehtm et phys (8), 20, 417-432 (1910) 

Rowland, H A, Proe Amer Acad Arts Set, 15, 75-200 (1880) 

Schuster, A, and Gannon, W , Phil Trans (A), 186, 415-467 (1895). 

Sutton, T C. Phil Mag (6), 35, 27-29 (1918) 

LH Laby, T H, and Hercus, £ O, Phtl Trans (A), 227, 63-92 (1927) 

OSF Osborne, N S , Stimson, H F , and Fiwk, E F 

OSG Osborne, N S , Stimson, H. F , and Ginnings, D C , J Res Nat Bnr» Stand , 18, 

389-448 (RP983) (1937) 

RTB Value derived by R T Birge ®®® from the observations of others 
HJ The Reichsanstalt value as given by F Henning and W Jaeger, **Handb d Physik" 
(Scheel), Vol 2, pp 487-518 (497), 1926 
L Conclusion of V. S Lipine*^ 

* The value accepted for this compilation ' I cali» = 4 185 joules 


“•Jessel, R, Proe Phys Soc (London), 747-763 (1934) 

■“Laby, T H , and Hercus, E O, Idem, 47, 1003-1008-1011 (1935) See also Hereus, E O. 
Idem, 48, 282-284 (1936) 

•■■ Ames, J. S , Rapports Cong Int Phys (Parts), 1, 178-213 (1900) 

■“ Griffiths, E H , "Dictionary of Applied Physics" (Glazebrook), Vol 1, pp 477-494 (1922). 
■“Laby, T H, Proe Phys Soe (London), 38, 169-172-175 (1926) 

■“ Lipme, V. S , Mem pris i la VIII Conf Gin des Potds et Mes , 1933 
■»• Birge, R T , Rev Mod. Phys , 1, 1-73 (1929) 

■“Henning, F, and Jaeger, W, "Handb d Physik" (Scheel), Vol 2, pp 487-518, 1926). 
(FSP-m'!! 30)^(19^6)^“’^' CRP210) (1930) =Af«* Eng, 52, 231-242 

“Laby, T H , and Hercus, E O , /«» Crtt Tobies, 5, 78 (1929) 
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T. H. Laby,»»< and V. S. Lipine.®»» R. T. Birge o®® has discussed them 
with special reference to the actual values of the standards used; and 
F. Henning and W. Jaeger,®*'^ concluding that all determinations, except 
those made at the Physikalisch-Technischen Reichsanstalt, are vitiated by 
uncertainties regarding the actual values of the standards employed, rejected 
all except the Reichsanstalt’s. 

The several determinations of various thermal properties of saturated 
water have been reviewed by E. F. Fiock.*®® 

34. Thermal Energy of Water 

In this section are considered the specific heat (c and C), the enthalpy 
or heat content {H,H = E + pv, (SH/Bt), = Cp), the “free energy at con- 
stant pressure” (the Gibbs function, G, G = H — ST, Gt — Gip = 

^ X r (H/T*)dT), the entropy (i"), the heat of isothermal compres- 

sion (Q), the decrease in the internal energy on isothermal compression 
(D), the increase in temperature on adiabatic compression (Joule-Thomson 
effect), and certain related quantities, all intimately related to the thermal 
energy of water. 

Data referring to the thermal energy of water have been reviewed and 
discussed by E F. Fiock ®®® and by M Jakob ®®® 

There are no direct determinations of the values of the specific heat of 
water at constant volume, of the ratios of the specific heats, or of their 
differences, but all of these can be computed from the observed compressi- 
bility, thermal expansion, and specific heat at constant pressure. Values 
so determined may be called static values They can also be determined 
from the velocity of sound, in which case they may be described as dynamic 
Likewise, the increase in temperature on adiabatic compression may be 
determined either statically, from the thermal expansion, or dynamically, 
from the observed drop in temperature that accompanies a sudden release 
of pressure. 

If water consisted of a single species of molecule and if the internal 
state of a molecule were unaffected by gross dynamic changes in the sub- 
stance, then no difference between the static and the dynamic values of those 
various thermal quantities would be expected. But there are reasons for 
believing that water may contain associated molecules of more than one 
type, and there is evidence indicating that the internal state of a molecule 
may be affected by gross dynamic changes in the substance In which cases 
the static and the dynamic values of those thermal properties would be 
expected to differ, unless the times required to reestablish equilibrium 
between the several types of molecules and between each type of molecule 
and the gross dynamic state of the substance are each negligibly short as 


"0 Jakob, U., Etiginemng (London). 132, S18-S21, 550-551 (1931) 
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Table 112. — Effect of Dissolved Air on the Specific Heat of Water 

R. Jessel has stated that the presence of dissolved air increases the 
specific heat of water and lowers the temperature at which the minimum 
occurs ; he presents the two sets of values of c here tabulated. He suggests 
that the calorie should be defined in terms of air-free water. 

Laby and Hercus do not accept Jessel’s conclusions; they conclude 
from thermodynamic considerations that the presence of dissolved air pro- 
duces a negligibly small effect, and surest that Jessel’s observations may 
be explained by irregularities caused by escaping air-bubbles, as remarked 
by them in 1927.®*® In the discussion following the Laby-Hercus paper, 
Jessel maintains his position, and develops his view of the subject. 

The compiler has determined, and tabulated below, the excess of each 
of Jessel’s values of c above that of the corresponding number (n) defined 

by the formula « = 4.185 — 0 233^^ ^^ ^ + 6 32 ^ ; if « P 

20 “ C, n lies between the two sets of c. 



Unit of c 
-- - Ordinary — ^ 

“ 1 joule/g-*C— 

IC ags/g “C 

Temp ®C 


t 

e 

c—n 

t 

c 

c—n 

123 

41944 

0.0066 

168 

41858 

4-00025 

201 

41857 

0 0050 

22.1 

41780 

-00014 

25 2 

41861 

0 0083 

329 

41740 

-00020 

323 

41890 

00126 

386 

41732 

-00035 

371 

41893 

00129 

437 

41724 

-00064 

377 

41892 

00127 

439 

41736 

-00053 

42 5 

41924 

00142 

50 2 

4.1776 

-00058 

490 

41916 

0 0092 

52 5 

41773 

-00083 




59 5 

41772 

-00168 




69 8 

41845 

-00265 


Table 113. — Specific Heat of Compressed Water at 1 Atm 
or at Constant Volume 

(For more highly compressed water see Table 115, for the 
limiting value as saturation is approached see Table 116; for 
sea-water see Table 129.) 

The O values are the most accurate at present available. They are 
given directly; the others, by the amount (A) that each exceeds the corre- 
sponding O one. 

Example . At 5 "C the A value is 4 20137 -I- 0 004 = 4 205, the JS value 
IS 4 20137 - 0004 =4.197. 

Tammann, G, and Ellirachter, A^, Z anorg aUgcm Chem , 200, 153-167 (1931). 

M«Awl)ery, J H , /n< Crtt Tablet, S, 113 (1929). 

Randall, M, Ident, 7, 232 (1930) 

JacRer* W, and v Steinwehr, H , Ann d Pkystk (4), 64, 305-366 (1921) d K preuss 

Akad Wxss (Berlin), 191S, 424-432 (1915) 

“"Oabomc, N S, Stimnon, IT F, and Fiocic, E. F, Meek Eng, 51, 125-127 (1929). 

**Hofbauer, P H, Atti pent ace, set nouxri Ltneet, 84, 353-363, 581-586 (1931). 

Koch, W., Forsch Cebtctc, Ingcmeartv , S, 138-145 (1934) -r Z, Ver deni, Ing , 78, 1110 
(1934) 

""Havltiek, J.. and Mtlkovsk^, L., Htlv Pkys Aeta, 9, 161-207 (1936). 

**La^, T. H., and Hercus, £. O, Proe, Pkys Soe (London), 47» 1003-1008-1011 (1935); 
Hercus, £. O., Idem, 48» 282-284 (1936). 
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Table 113 — (Conhttued) 

The data in Awbery’s compilation are based upon Cp = 4 190 joules/ 
g-®C at 15 “C; those in Randall’s on 4.182; those of Jaeger and v. Stein- 
wehr on 4.1842. Here they have all been reduced to the same basis by 
multiplying the respective values of the ratio (c/cis)p by 4.185, the value, 
in absolute joules, accepted by the International Critical Tables. As 4.185 
Int joules is essentially the value at 15 °C found by O, all the values in the 
table may be regarded as expressed in Int. joules. 

The values given for c„ have been derived by the compiler from the 
O values of Cp by the R and HL values given in Table 119. 



Unit of Cp, C9, and A = 

1 Int 

jottle/g ‘C Temp 

= »*C (Int 

Kale) 

Ref •-» 0 

A 

R 

JS 


t 

c» — 1 


1000 A. 


o 

0 

4 217S3 

-3 

+5 


42151 

5 

420137 

-1-4 

-bS 

-4 

42012 

10 

4 19107 

-t-3 

+2 

-1 

41865 

IS 

418463 

0 

0 

0 

41706 

20 

418073 

-2 

-1 - 

0 

41535 

25 

4 17856 


-2 

0 

41348 

30 

4 17751 


-4 

-2 

41147 

35 

4 17734 


-4 

-1 

4 0939 

40 

4 17772 

-3 

-5 

-1 

40729 

45 

417860 



4* 1 


SO 

417990 


-5 

+3 

4015 

55 

' 418153 





60 

4.18354 

-3 

-4 


3976 

65 

4 18592 





70* 

4 18873 


-4 


3923 

75 

4 19191 





80 

4 19SS1 

-9 

-3 


3 852 

85 

4 19957 





90 

4 20418 


-2 


3 790 

95 

420932 





100 

4 21510 

-22 

-5 


3 757 
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R Randall, M, Int Cnt Tables, 7, 232 (1930), based on work of Barnes, H T. Phil 

Trans. (A), 199, 159-263 (1902) 

* A Romberg has reported Cti= (1 0040 =*= 0.0005) c», whence Cn=4.197, a very 
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Table 114. — Mean Specific Heat of Water at 1 Atm^^** 

B mean specific heat between tx and ta) 


Unit of ^ 1 Int joule/g Temp, ix and fs on Int Centigrade scale. 



5 

10 

15 

20 

25 

50 

4 18174 

4 17998 

4.17889 

4 17826 

4 17801 

55 

161 

4 18006 

910 

860 

847 

60 

170 

027 

948 

910 

906 

65 

195 

069 

4 18002 

973 

977 

70 

237 

124 

065 

418048 

4 18061 

75 

291 

195 

149 

136 

157 


Table 115. — Specific Heat of Compressed Water at Constant Pressure 

(For values at a pressure of 1 atm see Table 113 ) 

If Cp and Cpj are the specific heats at the constant pressures p and pi, 
respectively, and for the same temperature, then is defined by the 
relation Cp = Cp^ ( 1 + Ap^ ) . Values of Cp^ for each temperature and of 
lOOOApj for each temperature and pressure are tabulated Example • From 
Section I (Koch) we find for 260 °C and /> = 300, Cp = 4 944 (1—0 057) = 
4 944 — 0 282 = 4 662 ; likewise for 260 °C and ^ = SO, Cp = 4 663 (1 + 
0060) = 4 663 + 0 280 = 4 943 

Unit of 1> = 1 kg*/cm* = 0 9678 atm, of = 1 joule/e °C Temp = t 'C 

I W. Koch.®®^ Smoothed values based on thermal determinations; 
precision does not exceed 0004 joules/g^C, conversion from Int. steam 
cal. to joules by the compiler; 1 cal = 4 186 joules 


t 

so 

100 

I«50 

200 

— lOOOAw 

250 

300 

0 

4203 

'~2~ 

4 

6 

8 

10 

20 

4169 

2 

4 

7 

9 

12 

40 

4161 

2 

5 

8 

10 

13 

60 

4165 

3 

6 

9 

12 

15 

80 

4182 

4 

7 

10 

14 

17 

100 

4203 

4 

7 

11 

15 

18 

120 

4232 

4 

8 

12 

16 

20 

140 

4 266 

4 

10 

13 

17 

22 

160 

4 324 

5 

10 

15 

19 

24 

180 

4395 

6 

11 

17 

22 

28 

200 

4 483 

7 

13 

20 

26 

32 

220 

4 592 

8 

16 

23 

30 

37 

240 

4 738 

10 

19 

28 

37 

45 

260 

4944 

13 

25 

36 

46 

57 

P-* 

50 

100 

ISO 

200 

250 

300 

f 



•l-1000A», - 










^900 

260 

'60 

47 

34 

22 

12 

4663 

280 


60 

44 

37 

14 

4860 

300 


106 

63 

35 

16 

5119 

310 



91 

48 

20 

5 262 

320 



140 

72 

44 

5 433 

330 



223 

110 

44 

5659 

340 



361 

175 

73 

5 965 

350 




278 

102 

6430 


*x> Oiborne, N S , Privati rommiqnrafim, 1938 
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Table 115 — (Continued) 


II. M. Trautz and H. Steyer.®” Computed from volumetric data and 
presented by small graphs; values read from graphs with a precision not 
exceeding 1 or 2 parts per 1000. Conversion to joules by the compiler 


0 

SO 

100 

150 

200 

2S0 


50 

100 

150 

200 

250 

300 

4169 

1 

5 

6 

9 

10 

4169 

4 

6 

8 

11 

14 

4203 

4 

8 

10 

15 

17 

4 282 

6 

13 

18 

22 

28 

4479 

10 

19 

24 

34 

42 

4 998 

20 

31 

45 

59 

74 


t ' — +1000Aaoo — - - ^ rino 

250 80 58 41 .11 16 4 630 

300 74 43 20 5 295 

350 310 162 8 79 


III. P. W. Bridgman.®^® Computed from volumetric data. Compiler 
scaled his small graph and converted the values from calories to joules 
Precision not greater than 1 or 2 parts in 1000 


t-* 

Cl-* 

p 

0 

4 21. 

20 

418b 

1000 

^ -1-40 

-1-52 

2000 

62 

74 

3000 

76 

84 

4000 

87 

88 

5000 

98 

95 

5500 

109 

100 

6000 

1.35 

106 

7000 


108 

8000 


94 

9000 

10000 

11000 

12000 




40 

4 18.-. 

— lOOOA, 

60 

4 18s 

80 

4 200 

-1-55 

-1-46 

-f30 

84 

75 

+18 

99 

94 

+2 

113 

102 

-12 

124 

107 

-25 

128 

108 

-31 

130 

109 

-38 

128 

106 

-53 

122 

102 

-70 

118 

97 

-88 

114 

90 

-109 

108 

83 

-1.36 

100 

75 

-169 


Table 116. — Specific Heat of Compressed Water: Limit as Temperature 
Approaches that of Saturation 

The subscript "t — » sat” is used to denote the limiting value approached 
as t approaches the temperature corresponding to saturation under the 
specified conditions. The value of (c„)t*„t may be obtained from that of 
(Cp)t*mt by subtracting the corresponding value of (cp — ft,), given in 
Table 119. 

Unit of cp = 1 Int joule/g ‘C Temp = ( 'C (Int scale) 

I. Preferred value at 100 °C is (cp),.*„t = 4.2151 (see Table 113). 

II. SK® Values computed by Smith and Keyes by means of an equa- 
tion set up by them to represent several sets of data, including their own 
on the speafic volume. 


“Trauta, H , and Stmr, H., Forteh Gehitte Ingcnteurw , 
*» Bridgman, P. W., Proc. Am*r. Acad Arta Set., 307-3i 


45-52 (1931). 
(Fig. 11) (1912). 
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Table 116— {Continued J 


t 

-► 

t 

fe,),.* ,at 

t 

1 -► set 

0 

(4 2208) 

100 

42127 

190 

4 4514 

10 

(4 1877) 

100 

42127 

200 

4 4958 

20 

41772 

110 

42267 

210 

4 5465 

30 

41747 

120 

4 2435 

220 

4 6066 

40 

41763 

130 

4 2611 

230 

4 6755 

so 

4 1765 

140 

4 2839 

240 

4 7560 

60 

4.1808 

150 

4 3099 

250 

4.8423 

70 

41869 

160 

43340 

260 

4 9651 

80 

41930 

170 

4 3719 



90 

4 2022 

180 

44137 



III. 

Miscellaneous values 





Ref •-» 

O 

SK 

r,- \ 

A 

R 


t ^ 


aat 




100 

42151 

4 2127 

4193 

4 210 


125 




4 235 


150 


4 3099 

4 218 

4 265 


200 


4 4958 

4250 

4 294 


250 


48423 

429 



300 



434 


‘ References • 





A 

Awbery, T H For work 

constdcKd by him» 

see Table 

113, reference note 


head matter 






O Osborne, NS™ 

R Randall, M , Int Cnt Tables. 7, 232 (1930), based on work of Barnes, H T , PhJ 
Trans (A), 199, 148-263 (1902) See bead of Table 113 
SK Smith, L B , and Keyes, F G , Free Amer Acad Arts Set , #9, 285-314 (1934) -* 
Mech Ena . 92-94 (1934) 


Table 117. — Specific Heat of Compressed Water at Constant 
Volume (Isopiestics) 

Derived from a graph published by P, W. Bridgman ** and based 

upon his measurements of the compressibility The values of c» cannot be 
read more accurately than 1 or 2 parts in 1000 

In each case the volume is that corresponding to the indicated temper- 
ature and pressure If Ci and c« = specific heat at constant volume for a 
pressure of 1 atm and of p Vg*/cm?, respectively, the temperature being the 
same in each case, then A = (ci — c„)/ci or c„ = Ci(l — A). The values 
tabulated for Ci correspond to those read from the graph. Example: At 
40 °C and 3000 kg*/cm®, = 4.072(1 — 0.124) = 3 56t j/g-°C. 


Unit of p = 1 kgVcm* = 0 9678 atm; of = 1 Joule/g *0 Temp »= 1 “C 


ci-r 

a 

0 

4 22>i 

20 

4 Ht 

40 

4 07, 

lOOOA 

60 

3967 

80 

3 85o 

v 






1000 

49 

62 

63 

56 

16 

2000 

83 

98 

102 

91 

0 

3000 

108 

119 

124 

113 

-13 

4000 

128 

131 

147 

129 

-23 

5000 

143 

139 

167 

140 

-33 

6000 

162 

162 

183 

148 

-43 

7000 


195 

193 

154 

-54 

8000 


211 

200 

159 

-65 

9000 



205 

161 

-80 

10000 



209 

163 

-100 
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Table 117 — (Continued) 



0 

20 

40 

60 

80 

Cl-* 

4 22i 

4 14y 

4.07| 

3 96> 

385o 

p 



100O& 



11000 



209 

161 

-126 

12000 



205 

155 

-165 


Table 118. — Specific Heat of Compressed Water at Constant 
Volume (Isometrics) 

Derived from a graph published by P. W. Bridgman *■** and based 
upon his measurements of the compressibility. The values of cannot be 
read more accurately than 1 or 2 parts in 1000 . 

If Ci.o = for V* = 1 and t = 0 °C, then As= (ci,o — c«)/ci,o, or, the 
specific heat at constant volume (<r») for the volume and temperature indi- 
cated is c„ = ci,o(l — A) ; &* = specific volume Bridgman gives Cio = 
1.000 cal/g°C = 4 I 83 joules/g°C 


Unit of 1 /* *= 1 cmVg Temp — < *C 


V* 

0 

20 

40 

CO 

80 

1.025 





84 

1000 

0 

12 

43 

80 

97 

0 975 

22 

so 

83 

112 

91 

0950 

47 

85 

116 

140 

75 

0925 

76 


140 

160 

62 

0 900 

105 

133 

166 

176 

SO 

0 875 

126 

145 

193 

190 

39 

0 850 

150 

188 

216 

202 

17 

0 825 

0 800 


219 

230 

228 

206 

-24 


compared with that for the change in pressure involved in the dynamic 
method. 

In the case of the decrease of temperature on adiabatic expansion, 
G Tammann and A Elbrachter have sought evidence for such a differ- 
ence. They have found differences, but have been unable to explain them 
in terms of the expected type of changes in the association (see Table 126) 

Table 119. — ^Ratio and Difference of the Principal Specific Heats of 
Water; 1 Atm or Saturation 

(For values at higher pressures, see Table 120; for sea-water, see note ’’.) 

If Cp and Cp — specific heat of water at constant pressure and constant 
volume, respectively, y = Cp/c„; il a = (l/v)(dv/dt)p, v = volume of any 
fixed mass of water, T = absolute temperature, and V = velocity of sound, 
then y — 1 = TttW^/Cp; Cp — Cp = Cp(y — l)/y. Bridgman’s values (B) 
for (Cp — Cp) have been derived from his graphs,®^*- *'**•• which are 
based upon his measurements of the compressibility. 

The values at saturation are those derived from the limiting values 
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Table 119 — (Continued) 

approached by Cp and as ^ approaches the temperature at which water is 
saturated at the coexistmg values of p and v, respectively. 

Unit of (f, - c,) “ 1 Int joule/g “0 = 0 2389S caWg “C Temp = t »C 


I. Pressure = 1 atm = 1.03323 kg*/cm®. 



Baus*-> 

R 

S 

HL 

R 


HL 

B 


t 

iMfese — n 

= gy ^ 





0 

581 

\ r A/ 

5 

585 

2.45 


246 



5 



0.34 



0.14 



10 

10.84 

2. 

1086 

4 53 


454 



15 



33.6* 



14 00 



20 

65.5 

6. 

65.6 

27.20 


2723 

3. 


25 



105 8 



43 8 



30 

152 7 

14. 

152.5 

62.8 


62 7 



35 



203 7 



83.4 



40 

2575 

27. 

257 5 

1049 


104 8 

11. 


50 

385 

38. 


155 





60 

524 

62, 


208 



22. 


70 

676 

80. 


266 





80 

840 

100. 


324 



36. 


86 

942 



361 





90 

110' 

no. 


414° 





100 

123° 

114. 


458* 




II. 

Values at saturation. 

Derived from the values of c« 

and Cp 

computed by 

Smith 

and Keyes (see 

Table 116). 

8„-l0^(y- 

8,^10*Cc,- 

f*). 







t 

«7 

s. 

t 


Sc 

t 

ty 

6. 

0 

15 

06 

90 

999 

3814 

180 

2903 

993 9 

10 

13 4 

56 

100 

1184 

4461 

190 

3268 

1095 3 

20 

63 3 

26 3 

110 

1381 

512 7 

200 

3540 

1175 5 

30 

143 5 

591 

120 

1586 

5808 

210 

3831 

1259 7 

40 

2467 

1005 

130 

1808 

6521 

220 

4130 

1346 2 

50 

369 

148 5 

140 

2023 

7213 

230 

4440 

14374 

60 

506 

2015 

150 

2257 

793 9 

240 

4750 

15319 

70 

658 

258 7 

160 

2499 

8661 

250 

5120 

1640 5 

80 

822 

3188 

170 

2743 

941 7 

260 

5460 

17524 

* Except as otherwise noted, the bases on which these values rest are 



R C. R. Randall’s determination of F"*, Cp from Table 113, Column A (or R 
if no value in A) ; (1/v) (dv/dt) p from equations of P. Chappuis, 0* to 
40°, or of Thiesen 40° to 86° (Table 99) , computation by the compiler. 

HL J C Hvjbbard and A L Loomis from their own determinations of the 
velocity of sound, Cp from Table 113 (Column JS), Chappuis’ equations. 

B P. W. Bridgman, from his determinations of the compressibility (cf 
Tables 1 IS and 117) 

S F. A. Schulze.™ Computed by him from isothermal compressibili^ 
and Cp, the same values are given in each paper. 

* For sea-water at 1695 °C and pressure = 2 atm, salinity = 35 g/kg, 10° (7 — 1) = 
94 =*= 5, from velocity of sound and isothermal compressibility 

* Computed by D Tryer ™ from the isothermal compressibility and Cp. 


•nSaadall, C. S, Bur Stand J. Res, t, 79-99 (RF402) (1932). 
ns Hubbard. J. C , and LoomU, A L, PM. Mag. (7). 5, 1177-1190 (1928). 

•n Schulze, F A , Z. physik Chem . 88, 490-505 (1914), Physik. Z.. 26, 153-155 (1925). 
•"Tyrer, D, J. Ckem. See. (London), 103, 1675-1688 (1913); Z. pkynh. Chem, 87, 169-181 
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Specific Heat of Water. 

In the Intertuilioml Critical Tables, two sets of values for the specific 
heat of water at constant pressure (c,) are given: those compiled by J. H. 
Awbery ““ and those by M. Randall.®*® The first are considered the more 
accurate. Neither agrees with the set published by W. Jaeger and 
H. V. Steinwehr ®®^ and included in the “Warmetabellen” (Vieweg, Braun- 
schweig, 1919) compiled by L. Holbom, K. Sdieel, and F. Henning (see 
Table 113). A graphical comparison of the more important published 
values has been given 1^ N. S. Osborne, H. F. Stimson, and E. F. Fiock.®*® 
Among the various interpolation equations that have been proposed may 
be mentioned those by P. H. Hofbauer,®*® L. B. Smith and F. G. Keyes,®** 
W. Koch,**^ and J. Havhcek and L. Miskovsky.®®* None of the earlier 
ones is satisfactory if more than moderate accuracy is desired. 

Table 120. — Ratio and Difference of the Principal Specific Heats 
of Water under High Pressure 

Derived from graphs constructed by P. W. Bridgman ®”* *’**•• * 

from his measurements of the compressibility. The specific heats cannot 
be read from the graphs to a higher accuracy than 1 or 2 parts in 1000. 
The values of y have been computed from those of (cp — Cp) as determined 
from the graphs. 


Unit of (<•» - fr) “ 1 Joule/*. ‘C - 0.2389$ ealu/t ’C, of 9 = 1 kg'/cm* " 0 9678 atm 



0 

20 

40 

60 

80 

0 

20 

40 

60 

80 

A 



1000(7 - 

n 



innr#*.. — 

Cm) 


r 







* 


" ^ 

0 

0 

7 

27 

55 

93 

0 

3 

11 

22 

36 

1000 

7 

21 

37 

67 

77 

3 

8 

14 

25 

29 

2000 

23 

37 

46 

72 

73 

9 

14 

17 

26 

28 

3000 

34 

49 

56 

77 

77 

13 

18 

20 

27 

30 

4000 

46 

61 

69 

87 

81 

17 

22 

24 

30 

32 

5000 

50 

62 

83 

97 

83 

18 

22 

28 

33 

33 

6000 

31 

78 

93 

104 

85 

11 

27 

31 

35 

34 

7000 


117 

113 

113 

91 


39 

37 

38 

37 

8000 


159 

127 

126 

98 


52 

41 

42 

40 

9000 



139 

139 

99 



45 

45 

41 

10000 



152 

148 

102 



49 

49 

43 

11000 



158 

153 

102 



51 

51 

44 

12000 



163 

155 

96 



53 

52 

43 


* These supersede Fig 41 of his earlier paper *" which, contrary to these, indicates 
that at the lower temperatures (cr — Cv) has a pronounced maximum at a pressure 
near SOOOkgVcm*. 


Table 121. — Various Isopiestic Thermal Data for Water 

Cp = specific heat at constant pressure = limit approached by the ratio 
(A 9 /hT)p as CiT approaches zero, Aq being the heat that nmst be added 
to the substance in order to increase its temperature by the amount AT; 

>n Bridgman, P. W , Pne. Amer. Acad Arte Set., It, 439-558 (550) (1912). 
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Table 121 — ( Coiihiiucd) 


H = heat content (enthalpy), Hq = f C^dT ; G = H — ST is the func- 

0 

tion that Gibbs denoted by { and that has been called the “free energy at 

constant pressure,” Go = — T j (Ho/T^)dT; So = entropy. All these 

*/o 

quantities refer to the gfw, and those with subscript o are measured from 
0 “K ; the pressure is 1 atm ; i = ice, = water. For method employed in 
extrapolating Cp to 0 “K, see articles ated. The compiler has changed the 
units, and derived So from Ho and Go. 1 gfw = .18 0154 g ; 1 joule/gfw = 
0 0551 j/g: 1 cal = 4185 j 


Unit of Cp and 5© = 1 j/(gfw *K), of No and Uo — 1 kj/gfw. Temp ** T ®K 


Ref*-* 

T 

' c. 

< 

Simon- 

“Go 

So 

c. 

Mid 

Ho 

:hinK— — 
—Co 

So' 

273i 

41 0 

5 35 

5 00 

379 

50 2 

5 49 

5 02 

38 4 

27311/ 

75 7 

1136 

5 00 

59 9 

75 4 

1150 

502 

60 5 

280 

75 4 

1189 

5 42 

618 

754 

1203 

545 

62 4 

290 





754 

12 78 

609 

650 

300 

75 3 

1340 

6 55 

665 

75 3 

13 53 

6 74 

67 5 

320 





75 3 

15 05 

815 

726 

340 

75 4 

1641 

940 

760 

75 3 

16 56 

965 

771 

360 





75 3 

1807 

1124 

81.4 

373 

75 7 

1891 

1202 

929 

75 3 

1904 

1230 

840 


• References 

Miething, H , d DeuU Bunsen Get , No 9 (1920). based upon the data of Nernst* W, 
Ann d. Physik (4), 36, 395<439 0911) and of Follitxer, Z, Bhktroch, 19, 513>518 
(1913) Simon, F, **Handb d Fhysik'’ (Geiger and Scbeel), vol 10, p. 363, 1926, 
based on bis own previously unpubltued observations 


Table 122. — Enthalpy of Compressed Water 

For observations through the critical region, see Table 53. 

The enthalpy (f/) of a substance is defined by the relation H = 
(E + pv) — (E + pv)o, where (E + pv)o is the value of (E + pv) for 
some state of the substance arbitrarily selected as the basis of reference. 
For water, the reference state is that of saturation at 0 ®C. F is the 
intrinsic energy, v the volume, and p the pressure ; if, E, and v each refers 
to a unit mass of the substance. The specific heat at constant pressure is 
Cp = (dH/dt)p. 

In some cases the value tabulated is the excess of the corresponding 
value of H, expressed in Int. steam calories per gram, above the numerical 
value of the corresponding Centigrade temperature. For example, in Sec- 
tion II, at 75 °C and ^ = 50 kg*/cm^ observer S found H to be 75-1-1.0= 
76.0 Int. steam cal/g = 318.1 Int. joule/g. 
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Table 122 — (Cotthnued) 

I. Pressure = 1 atm. N. S. Osborne.®^® 

Unit of H either •= I Int. joule/g or 1 Int ateam al/g = 4 18605 Int joules/g, as indicated 

Temp = t “C (Int. scale) 


Unit-> 

Joule 

Cal 

Unit-» 

Joule 

Oal 

t 

a 

10*(ff - <) 

t 

H 

10‘(ff - t) 

0 

01026 

245 

55 

230 228 

-12 

5 

21 147 

SI7 

60 

251 140 

-54 

10 

42126 

634 

65 

272 064 

-70 

15 

63064 

652 

70 

293 000 

-55 

20 

83.976 

610 

75 

313.952 

-5 

25 

104 874 

532 

80 

334920 

+86 

30 

125 763 

435 

85 

355 907 

+223 

35 

146 650 

331 

90 

376917 

+412 

40 

167538 

229 

95 

397 950 

+659 

45 

188428 

134 

100 

419 011 

+971 

50 

209 324 

S3 





II. Four sets of values, each indicated by the initial of the experi- 
menter. 


Unit of # = 1 kg*/cm*, of If = 1 Int steam cal/g = 4 1860 Int ]oule/g Temp, t = “C 



0 

20 

25 

40 

SO 

60 

75 

80 

— H - 

100 
• % 

120 

125 

140 

150 

160 

175 

180 

V 

50 

HM* 


















K 

1 18 

1 16 


1 06 


0 96 


089 

09 

1 1 


I 4 


1 9 


26 


S 

12 


1 0 


09 


10 


08 


1 1 


15 


22 



TS 


1 18 


102 


1 18 


OSS 

0 95 

1 05 


1 40 


2 00 


282 

100 

HM 


29 







1 9 









K 

2 36 

2 30 


2 IS 


198 


1 86 

1 8 

1 9 


21 


25 


32 


S 

22 


22 


20 


1 9 


1 7 


20 


23 


30 



TS 


2 25 


2 02 


188 


178 

1 78 

1 90 


218 


2 62 


3 45 

150 

HM 


















K 

3 53 

343 


323 


3 01 


282 

2 2^ 

27 


28 


3 1 


3 7 


S 

36 


33 


30 


29 


2 6 


29 


3 1 


39 



TS 


3 38 


312 


2 92 


2 78 

2 75 

2 75 


300 


3 38 


400 

200 

HM 


4 55 







38 









K 

4 71 

4 57 


4 31 


4 03 


3 78 

16 

35 


36 


38 


42 


S 

49 


43 


40 


39 


35 


39 


3 7 


4 5 



TS 


4 48 


418 


3 95 


3 72 

3 65 

3 62 


3 78 


4 03 


460 

250 

HM 


















K 

5 89 

5 70 


5 40 


5 06 


4 74 

45 

43 


43 


44 


47 


S 

60 


5.7 


50 


49 


43 


4 6 


45 


53 



TS 


5 58 


520 


490 


468 

450 

4 50 


4 62 


4 85 


525 

300 

HM 


6 79 







554 









K 

7 07 

683 


648 


609 


5 70 

54 

5 1 


50 


SO 


53 


S 

70 


68 


60 


58 


52 


50 


53 


57 



TS 


6 65 


625 


5.92 


560 

5 45 

53 


540 


5 58 


590 


350 HM 


K 

S 

TS 

82 

76 

69 

6.5 

6.1 

57 

61 

6.1 

HM 

K 

S 

TS 

892 

92 

85 

ao 

7J 

722 

7.0 

68 

68 

70 
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Table 122 — (Continued) 




200 

220 

225 

240 

250 

260 

275 

280 

300 

310 

320 

325 

330 

340 

350 

360 

370 

p 










H — t 




























50 

HM 



















K 

39 

56 


78 


10 9 













S 

38 


60 


92 














TS 

400 

5 52 
















100 

HM 

41 








207 










K 

43 

58 


79 


10 7 


14 6 

204 










s 

43 


64 


92 


13 8 


21 2 










TS 

4 42 

5 78 


7 72 




15 48 

2185 









150 

HM 



















K 

47 

60 


79 


105 


141 

19 2 

225 

26 7 


32 3 

40 1 





S 

4 8 


69 


90 


13 3 


19 6 



31 0 







TS 

4 85 

60S 


788 




14 85 

20 22 









200 

HM 

SOS 








18 2 






42 6 

55 6 



K 

5 1 

63 


80 


10 4 


13 7 

18 2 

21 1 

24 6 


290 

34 9 

42 9 




S 

S3 


70 


94 


no 


18 7 



28 5 



48 

64 



TS 

5 32 

650 


810 




14 32 

19 00 









250 

HM 















37 8 

46 1 

587 


K 

56 

66 


so 


10 2 


13 2 

17 4 

200 

231 


26 8 

31 4 

37 4 




S 

59 


75 


96 


12 9 


18 0 



26 7 



41 

52 

65 


TS 

5 98 

6 95 


8 32 




13 75 

17 95 









300 

HM 

60 








16 7 






33 9 

40 5 

48 4 


K 

59 

68 


8 32 


101 


12 8 

16 7 

19 0 

21 8 


2S0 

28 9 

33 7 




S 

65 


78 


9 8 


12 8 


17 4 



25 2 



37 5 

44 

52 


TS 

6 45 

7 42 


8 72 


10 45 


13 50 

17 05 








350 

HM 

K 















31 45 




S 

TS 

70 


80 


101 


125 


16 9 



24 2 



35 

41 

46 

400 

HM 

K 

69 








16 2 






293 




S 

TS 

76 


85 


10 3 


120 


16 6 



23 I 



33 

37 

42 


‘ References 


















HM 

K 

Havlicek, J , and Miskovsk^, 
W Kochw 

L , Helv 

Phys 

Acta, 

9, 161-207 

(Tabelle 1) (1936), 



or 27 


S SchleRcI. E, Z trchn Phvs . M, 105-107 (1933) 

TS M Trautz and H Steyer » 

' Koch’s 2.2 at ^ = ISO, t = 100 is surely wrong, probably it should be either 28 


Table 123. — Entropy of Compressed Water 

For the excess of the entropy of water at 25 °C above that of ice at 
0 °K, see Table 207. 

The excess of the entropy of water at the indicated temperature (f) and 
pressure (p) above that of saturated water at 0 ‘’C is S'. 

Two sets of data are given, distinguished by the initials of the experi- 
menters. 


Unit 

t 

of ^ = 1 

50 

kg*/cin*, 

100 

of 5 = 1 

150 

millical/g 

Temp 

200 

•K (Int 
= »'C 

250 

y 

Steam cal ) 

300 

= 4 1860 millijoule/g ®K 

350 400 

n.f m. 

0 

" 01 

01 

02 

03 

03 

03 


K 


01 

02 

0.2 

03 

03 

04 

02 

02 S 

20 

707 

706 

70 5 

704 

703 

702 


K 

25 

875 

872 

868 

866 

862 

85.8 

85 4 

852 S 
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Table 123 — (Continued) 


P-* 

1 

50 

100 

ISO 

200 

250 

300 

350 

400 

Ref * 

40 

1364 

1361 

1359 

1356 

1353 

1350 



K 

50 

1675 

166 8 

166.3 

165.2 

165.4 

16<4.7 

1643 

163.8 

s 

60 

1979 

1975 

197.1 

1966 

1962 

195 7 



K 

75 

2417 

240.9 

2401 

239 4 

238.7 

238.0 

237 3 

236.6 

S 

80 

2561 

255 5 

2549 

2543 

2536 

2530 



K 

100 

3106 

309.8 

3089 

3081 

307.3 

3064 



K 


' 3109 

3099 

3091 

308 2 

307.4 

3064 

305.8 

304 9 

S 

120 

3639 

362 8 

3618 

3608 

359.7 

3587 



K 

125 

3760 

3750 

373 8 

372.8 

371.8 

37a8 

369.8 

3697 

S 

140 

4142 

412.9 

414 7 

4104 

4092 

4079 



K 

150 

4381 

436 8 

4356 

4343 

4333 

4319 

4310 

4300 

S 

160 

462 6 

461 2 

459 7 

4582 

456.8 

455 3 



K 

175 

4973 

495 8 

494.2 

492 9 

491.4 

4900 

488 7 

4873 

S 

180 

5096 

5079 

506.2 

504 5 

502.8 

501 1 



K 

200 

555.4 

553 4 

5514 

5494 

5475 

545 5 



K 


555 7 

5529 

5510 

5494 

5479 

546 2 

544 7 

5432 

S 

220 

600 5 

5979 

595 6 

593 3 

5910 

588 8 



K 

225 

6104 

6081 

6060 

6040 

602.0 

600 0 

598 2 

5967 

S 

240 

6444 

6416 

639 0 

636 3 

633 7 

631.1 



K 

250 

665 5 

662 8 

6602 

6577 

655.4 

652.9 

6510 

648 9 

S 

260 

688 5 

685 4 

6822 

679 2 

6761 

6731 



K 

275 


7176 

7142 

710.9 

707 8 

7049 

702 2 

6998 

S 

280 


729 5 

7258 

7221 

7185 

714.9 



K 

300 


7751 

7702 

765 7 

7614 

757.3 



K 



775 1 

7702 

765 7 

7619 

7579 

754 6 

7515 

S 

310 



793 3 

7880 

783 2 

778 7 



K 

320 



8175 

8110 

805 5 

800 4 



K 

325 



833.9 

8268 

^10 

815 5 

8112 

8063 

S 

330 



843.5 

8351 

8284 

822 6 



K 

340 



8729 

8611 

852.4 

845 4 



K 

350 




890 3 

8782 

869 2 



K 





897.5 

885.8 

8761 

869 5 

863.0 

S 

360 




941. 

919 

903 

894 

886 

S 

370 





954 

930 

917 

907 

s 


* References 
K W. Koch."" 

S Sehlegd, E, Z. teckn. Phys . 14, 105-107 (1933). 


Table 124. — Heat of Isothermal Compression of Water 

Adapted from a compilation by J. R. Roebuck,®™ based on a graph by 
P. W. Bridgman.®™- ^ 

Q is the amount of heat that must be removed to keep the temperature 
unchanged when the pressure is increased from 1 atm to 1 atm -f p. 

•"Roebnck, J. R., Jnt. Cnt. Tablet. 5, 147 (1^9). 
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Table 124 — (Continued) 


Unit of p • 1 kgVcm* A 0.9678 atm; of Qe °° 1 calu/g; of Qt = 1 joule/g 


*-» 

A 

0 

20 

40 

— Oa - 

60 

80 

0 

20 

40 

60 

80 

500 

'02 

07 

15 

2.1 

26 


29 

63 

88 

10 9 

1000 

06 

16 

29 

41 

50 

25 

67 

121 

17.2 

210 

2000 

19 

38 

58 

7.9 

9.2 

8.0 

15.9 

243 

33.1 

38.5 

3000 

4.0 

64 

87 

114 

131 

168 

26.8 

364 

478 

54.9 

4000 

64 

89 

116 

14.6 

165 

26.8 

37.3 

486 

612 

69.1 

6000 

10.6 

14.0 

173 

20.9 

232 

444 

587 

72.5 

87.6 

97.2 

8000 


19.6 

231 

27.0 

293 


821 

968 

113.0 

122.8 

10000 



28.7 

329 

35.3 



1202 

137.8 

147.9 

12000 



345 

38.8 

40.8 



1446 

1626 

171.0 


Table 125. — ^Decrease in Intenud Energy of Water on 
Isothermal Compression 
Adapted from P. W. Bridgman.®”* * 

D = resultant decrease in the internal energy of water when the pres- 
sure on it is isothermally increased from 1 atm to p kg*/cm®. The work 
(IP) done on the water during such compression is the excess of the 
heat (0) given out (Table 124) above D; W = Q/ — D. 


Unit of # = 1 kgVcm* *= 0.9678 atm, of D •• 1 joule/g 


t -* 

P 

500 

0 

20 

r 

60 

80 

02 

2.9 

52 

84 

103 

1000 

09 

57 

100 

15 5 

188 

2000 

33 

10 5 

186 

272 

32 2 

3000 

65 

153 

251 

35 6 

42.3 

4000 

92 

19 0 

301 

425 

498 

5000 

10 7 

220 

343 

481 

561 

6000 

103 

243 

381 

530 

611 

7000 


266 

415 

571 

65 5 

8000 


297 

446 

609 

691 

9000 

10000 

11000 

12000 



475 

502 

52 8 
550 

644 

674 

701 

724 

724 
751 
774 
79 5 


Joule-Thomson Coefficient for Water. 

The Joule-Thomson coefficient (ft) is the decrease in temperature per 
unit drop in pressure, the expansion being adiabatic It measures the 
internal latent heat of expansion, and is the increase in temperature on 
adiabatic compression. 

The several sets of observations given in Table 126 are discordant, and 
it is to be noticed that at the lower temperatures the observed (dynamic) 
values (/lo) differ significantly from the corresponding (static) ones (/*o) 
computed from the specific heat and the coefficient of thermal expansion , see 
discussion in text, p. 256. 

The experimental determination of has been discussed by K. J. 
Umpfenbach ®” and by G. Tammann.®*® 
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As the temperature is varied, the pressure limits remaining unchanged, 
a temperature (t) may be found at which passes through zero, changing 
Its sign This is called the inversion temperature. The following values, 
Ti and T 2 , were computed by W. Koch®®^ and by M. Trautz and 
H. Steyer,®^* respectively, from their determinations of the enthalpy : 

p SO 100 ISO 200 2S0 300 kgVcm' 

Ti 242 2 244 3 247 3 2489 *C 

r. 245 0 249 3 253 8 258 1 263 1 2673 *C 

Table 126. — ^Joule-Thomson Coefficient for Water 
(See text also.) 

H = idt/dp)a, or (At/A/>)o, where Ap is of the order of 100 kg*/cm^, 
fi„=Ho+S, where (lo is the observed (dynamic) value, and /le is the corre- 
sponding (static) value computed from the specific heat and the coefficient 
of thermal expansion , p is the mean of the initial and the final pressure , 
( )a indicates that heat is neither added nor removed from the water. 


Unit of ^ “ 1 kgVcm*, of it. and 5 — 0 01 ®C per 100 ktf*/cm* 

I Tammann and Elbrachter® 


P U. f' p H 


2850 

- 0 °C — 
208 

-1-6 5 

2918 

— 30 “C 
222 

+ 11 5 

2745 

— 70 °C . 
25 0 

+86 

2712 

174 

-f-93 

2734 

215 

+ 117 

2500 

33 0 

411 

2572 

202 

+ 59 

2554 

222 

-1 107 

2342 

322 

+24 

2461 

190 

+64 

2388 

218 

+ 107 

2192 

351 

-01 

2351 

18 5 

+ 66 

2244 

240 

+82 

2072 

33 6 

-1 7 

2216 

19 2 

+53 

2118 

244 

+74 

1951 

32 3 

+44 

2071 

179 

+59 

1984 

209 

+ 105 

1816 

351 

+ 16 

1942 

192 

+40 

1806 

255 

+5 4 

1676 

,34 8 

+3 4 

1824 

19 5 

-125 

1641 

206 

+9 7 

1544 

370 

+24 

1704 

182 

+2 6 

1501 

203 

+9 5 

1418 

42 5 

-2 2 

1580 

19 0 

+0 7 

1350 

218 

+74 

1290 

382 

-02 

1452 

18 0 

00 

1202 

23 0 

+5 0 

1148 

40 8 

-06 

1325 

16 5 

+01 

1022 

24 0 

+3 8 

1020 

42 0 

-13 

1188 

16 6 

-01 

864 

221 

+43 

886 

41 1 

-0 7 

1038 

152 

+02 

722 

259 

+ 15 

7.52 

43 7 

-20 

838 

13 8 

-0 8 

560 

222 

+3 3 

611 

444 

-21 

762 

128 

-09 

488 

24 8 

+01 

506 

45 2 

-12 

630 

10 9 

-03 

415 

196 

+52 

431 

46 4 

-17 

462 

102 

-22 

300 

239 

+04 

294 

48 3 

-26 

285 

82 

-44 

210 

231 

+06 

158 

496 

-29 

98 

-07 

+02 

125 

227 

+04 

.56 

50 3 

-24 

560 

128 

-29 

46 

226 

-01 

886 

41 1 

-2SA 

440 

119 

-4 5 




752 

437 

-24A 

330 

98 

-SO 




611 

444 

-02A 

255 

86 

-52 




506 

452 

+30A 

198 

29 

-2 7 




431 

464 

+23A 

88 

03 

-09 




294 

48J 

+17A 







158 

496 

-19A 







56 

503 

-03A 

■It Umpfenbachp K 

J , Z ttchn 

Physik, 

12, 25-29 

(1931) 





•“Tammann, G, "Ober die Beziehungren zwiachen den inneren Kraften and Eigenachaften der 
Losungen,” Leipzig, Voas, 1907; see Roebuck, J R, Int Cnt. Tables, 5, 146, 147 (1929). 
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Table 126 — (Continued) 


II. Fushin and Grebenshchikov.’* III. Bridgman.® (ICT) 


t-* 0 

2S 

37 S4 

80 


t 

0 

20 

40 

60 

80 

* 





A 






1-13.0 

+66 

+260 +39 0 +49.2* 


¥ 

1 

-16 +13 7 

• ^e — “ 

287 

41.7 

54 8 

500 - 2 0 +130 

273 371 

468 


500 

+68 

17 5 

30 0 

417 

500 

1000 +6 4 

167 

279 357 

445 


1000 

132 

220 

309 

413 

462 

1500 11.6 

188 

27 9 34 4 

423 


1500 

18 3 

24 8 

316 

40 6 

42 7 

2000 15 0 

203 

27 9 33 5 

406 


2000 

215 

263 

322 

39 7 

403 

2500 17 3 

213 

27 9 32 9 

392 


3000 

251 

280 

32 5 

381 

367 

3000 18 9 

223 

28 4 32 5 

382 


4000 

26 0 

28.3 

323 

36.6 

34.4 

3500 

242 

29 3 32 2 



6000 

19 4 

289 

336 

349 

308 

4000 

240 




8000 


35 5 

33 3 

337 

27.9 






10000 



33 0 

330 

25 7 






12000 



32 0 

320 

238 

IV. W. Koch.««^ 









t-* 

0 

too 

200 

240 

250 

260 

300 

350 


y r 

50 

-235 

-178 

-72 

-2 

+20 

+45 





100 

-235 

-178 

-74 

-8 

+ 12 

+35 

+200 



200 

-236 

-179 

-76 

-13 

+6 

+27 

+ 138 

+702 


300 

-237 

-181 

-79 

-16 

+2 

+23 

+ 115 

+399 



V. By an optical method Mascart found for water at 16 “C and 
p about 2, 10* /I = 11 °C/atm 

P G. Tait,*®^ using a Cu-Fe thermocouple, found the following values 
(if his “ton” = 2240 lbs) for water at 15 5 °C; he stated that they are to 
be accepted with caution : 

p 79 15S 236 315 kgVcni’ 

lOV 9 10 11 12 °C per (kg*/cm“) 

* G Tdinmami and A Elbrachtcr The pressure was raised to about 3000 kgVcp*, 
and then reduced by a senes of sudden releases, the decrease m temperature being 
observed for each step Each step was about ISO kf'*/cnr‘ They believe that the 
error m u, in no case exceeds =^0015 "C per 100 kgVan' at 0 'C and at 30 "C, nor 
=^0 030 at 70 'C In computing Uc, they used P W Bridgman’s values for the ther- 
mal expansion, and for the lower pressures at 70" Amagat’s also; the values from 
this second computation are here indicated by A 

* N A Pushin and E V Grebenshchikov,"* included in part in the compilation by 
J R Roebuck (ICT) *" It will be noticed that these values differ in the same general 
way as do those of Tammann and Elbrachter from the corresponding ones computed 
from Bridgman’s data 

* P W. Bridgman *"• “ as given by J. R Roebuck *“ 


Table 127. — Heat Liberated by Adiabatic Compression of Water 
Adapted from M Trautz and H. Steyer.®^^ 

The heat liberated by adiabatic compression is /iCp, where = (Sf/8^)o 
is the Joule-Thomson coefficient, and Cp is the specific heat at constant 
pressure. 

Mascart, Compt rend, 78, 801-805 (1874) 

■“Tait, P G, Proe, Roy Soc Edinburgh, 11, 217-219 (1882). 

**Pusmn, N A, and (Grebenshchikov, E V, / Chem Soc (London), 123, 2717-2725 (1923) 
Roebuck, J R, Jnt. Crit Tables, S, 146 (1929). 
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Table 127 — (Conhnued) 


Unit of P = 1 kaVcm»j of “ 10-< Joiile/g(kgVcm*) 


P-* 

* 


100 

200 

300 

P-* 

f 


100 



200 

300 

10 

Vs 9 

950 

946 

942' 

120 

691 

707 

720 

733 

20 

923 

921 

917 

913 

140 

628 

649 

670 

678 

30 

898 

895 

893 

890 

160 

548 

586 

603 

628 

40 

874 

871 

872 

871 

180 

456 

502 

532 

578 

SO 

851 

850 

850 

850 

200 

352 

398 

440 

490 

60 

827 

828 

830 

830 

220 

222 

272 

335 

398 

70 

804 

808 

810 

813 

240 

54 

100 

184 

272 

80 

781 

787 

793 

797 

260 

-172 

-134 

-33 

-84 

90 

7S8 

768 

774 

782 

280 


-377 - 

•272 

-159 

100 

736 

747 

758 

768 







Table 128. — Isentropic Increase in the Temperature of Water from 
Saturation to and above the Critical Pressure 

Adapted from a table computed by J. H. Keenan 5" = excess of 
entropy above that at 0 “C and 1 atm; ^cut = 218 39 atm, fcrit = 374.15 “C 
(see Table 241). 

Example: For saturated water, 5" = 0 1 when t = 28.73 “C, the corre- 
sponding pressure being 0 037 atm ; if the pressure is increased from 0 037 
to 218.39 atm, the temperature must at the same time be increased by 
0 45 ®C (i.e , to 29 18 °C) if 5' is to remain unchanged 


“ 1 atm; 

of S = 1 Int 

cal/g ‘C *= 

4 186 joule/g‘C; 

of t>tt and 

P-* 

218 39 

387 18 



S 

, St 


^aat 

till 

01 

045 

086 

0 037 

2873 

03 

139 

248 

0 851 

95 59 

05 

2 76 

491 

9 284 

175 28 

07 

494 

931 

50.32 

26519 

08 

5 68 

1245 

9619 

309 08 

09 

564 


15818 

34735 


Table 129. — Specific Heat of Sea-Water 

The values in the last pair of columns have been derived by O. Kriim- 
mel from those published by J. Thoulet and A Chevallier and given 
in the preceding columns. 

r = ratio of the specific heat of sea-water to that of pure water at the 
same temperature; s = salt content; p = ratio of the density of sea-water 
to that of pure water at the same temperature. In all cases the temperature 
was 17.5 “C. 


Unit of f = 1 

g salt per Vg sea-water , 

p and r are 

ratios Temp 

= 17 5»( 

P 

r 

p 

T 

s 

r 

10025 

0.986 

1 0275 

0931 

0 

1.000 

10050 

0977 

1 0300 

0 927 

5 

0982 

10075 

0968 

1 0325 

0924 

10 

0968 

1 0100 

0.963 

10350 

0 921 

15 

0958 

10125 

0957 

1 0375 

0917 

20 

0.951 


•■Keenan, J. H, Mech Eng, 53, 127-131 (1931). 

••* KrSnunel, 0 , “Hondb d Ozeanog Vol. 1, 1907. 

■•> Thoulet, J , and CHierallier, A , Compt, rend., 106, 794-796 (1889). 
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Table 129 — (Continued) 


p 

r 

P 

f 

X 

r 

10150 

0.952 

1.0400 

0.913 

25 

0.945 

10175 

0.948 

10425 

0.910 

30 

0.939 

10200 

0944 

1.0450 

0.907 

35 

0.932 

10225 

0940 

10475 

0903 

40 

0.926 

10250 

0935 

10500 

0900 




35. Thermal Conductivity of Water 

At the time that T. Barratt and H. R. Nettleton prepared their com- 
pilation,*®® there was no available determination of the thermal conductivity 
of water at temperatures above 100 “C, and they concluded that in the 

Table 130. — -Thermal Conductivity of Water 
(For sea-water, see Table 132.) 

The values attributed to B, BN, KH, and ML have been computed by 
means of their linear formulas as given below’ ; those attributed to SS have 
been read from their curve At temperatures below 100 °C the pressure 
was 1 atm ; at higher temperatures it was a few atmospheres greater than 
the vapor pressure, but the increase produced in the conductivity by the 
highest pressure used scarcely equals the uncertainty in the observations 
(cf. Table 131). 

Formulas, t = (# — 20) : 

BN« * = 0.00587 (1 -1-0 00281 t) watt per cm °C ; 0 to 80 °C (ICT) 

KH® k = 0.00623 (1 -1-0 0012 t) watt per cm °C ; 0 to 80 °C 

ML® * = 000610(1 -(- 0.0023t) watt per cm "C ; 0 to 60 “C 

B® * = 0 00590 ( 1 -t- 0 00260 t) watt per cm °C , 0 to 80 °C 



Unit at 

* = 10-* watt/cm 

•c- 

2 389 (10-')cal/cin aee 'C. Tonp 

fC. 


Ref •-* 

SS 

B 

BN 

KH 

ML 

/ ”■ “ ■■ 

SS . 



t 



i 


> 

t 

k 

* 

k 

0 

554 

559 

554 

608 

583 

100 

680 

200 

666 

10 

576 

575 

570 

615 

596 

no 

684 

210 

659 

20 

598 

590 

587 

623 

610 

120 

686 

220 

652 

30 

615 

605 

604 

630 

623 

130 

687 

230 

644 

40 

630 

621 

620 

638 

637 

140 

686 

240 

635 

50 

643 

636 

636 

645 

650 

ISO 

685 

250 

624 

60 

654 

651 

653 

653 

663 

160 

682 

260 

614 

70 

665 

667 

670 

660 

(677) 

170 

680 

270 

602 

80 

671 

682 

686 

668 

(690) 

180 

676 

280 

590 

90 

676 





190 

672 

290 

576 

100 

680 





200 

666 

300 

564 


•" BarraM, T., and Netfleton, H. R , In* Crif. Tables. 5, 218-233 (218, 227) (1929). 
•“Jakob, M.. Ann d. Physik (4). 63, S37-S70 (1920). 

•“Sdunidt, E., and Sdlsehopp, W., Forieh Cebiete Ingtnienm . 3, 277-286 (1932). 
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Table 130 — (Contmued) 


' References 
B 


Bates, O. K, Ind. Bng. Chm , 28, 494-498 (1936). Supersedes Idem, 25, 431-437 
(1933). 

BN Compilation by Barratt, T , and Nettleton, H R based upon Bndgman, P W„ 
Ptoc Amer, Acad Arts Sa , 59, 141-169 (1923), Jakob, M, Stts Preus Akad fPtss, 
1920, 406-413 (1920); Ann. d Phyttk (4), 63, S37-S70 (1920), Lees, C H, Phtl Trans 
(A), 191, 399-440 (1898) . Milner, S R , and Cbattock, A P , Phil Mag (S), 48, 46-64 
(1899), Weber, H P , Stis Prens Akad tVtss . 1885, 809-815 (1885), Repert d 
Phystk (Exner), 23, 116-122 (1886), considering Cbree, C. Proc Roy Soc (London) 
(A), 42, 300-302 (1887), 43, k-48 (1887), Christiansen, C, Ann d Phystk (Wted ), 
14, 23-33 (1881), Graets, L, Idem. 18. 79-94 (1883), ^ 337-357 (1885), Kohlrausch, 

F, Dus. Rostock, 1904, Lorberg, H, Ann d Phystk (fPted ), 14, 291-308 (1881), 

Mache, H, and Tagger, J , Sits Akad Wiis M'ten (Abt Ila), 116, 1105-1110 (1907), 

Wachsmutn, R, Dus. Leipzig, 1892, Ann d Phystk (tVted ), 48, 158-179 (1893), 

Weber, H F, Idem. 10, 103-129, 304-320, 472-500 (1880), Weber, R, Idem (4), 11, 
1047-1070 (1903) 

KH Kaye, G W C , and Higgins, W F, Proc Roy Soc (London) (A), 117, 4S9-4in 
(1928). 

ML Martin, L H , .ind Lang, K C , Proc Phys Soc (London). 45, 523-529 (1933). 

SS Schmidt, E , and Sellscbopp, W 


range 0 °C to 80 °C the condutrtiv'ity can be represented by the formula BN 
given in Table 1 30, the accuracy being of the highest and amply sufficient 
to justify the use of water as a standardizing substance. This formula 
was based largely on the work of M. Jakob *** at the Physikalisch-Tech- 
nischen Reichsanstalt. 

Since then, quite different results have been obtained by G W. C Kaye 
and W. F. Higgins at the National Physical Laboratory, and by L H. 
Martin and K. C Lang (see KH and ML, Table 130) , and a series extend- 
ing to 270 “C has been published by E. Schmidt and W Sellschopp.®®® 
The last indicates that the variation is not linear in t; that the conduc- 
tivity reaches a maximum near 130 °C, and has nearly the same value at 
300 °C as at 0 °C. These sets of observations were believed to be m error 
by not more than one or two per cent Other isolated and less accurate 
determinations have been published by J F D Smith and by T W. 
Classen and J. Nelidow.®*® 

The theory of the conduction of heat by liquids has been discussed 
recently by A Kardos,*®® and a series of interesting papers treating of cer- 
tain thermomechanical properties of liquids and their relations to thermal 
conductivity has been published by R Lucas ®®^ and by F Perrin and 
R. Lucas®®® 

Table 131. — Thermal Conductivity of Compressed Water 

Adapted from T. Barratt and H. R. Nettleton ®®® and based on P. W 
Bridgman ®®^ 

•n Smith, J. F o , Ind. Eng. Chem , 22, 1246-1251 (1930) 

•"(^aisen, T. W, and Ndidow, J., Phystk Z. Sow}, 5, 191-199 (1934). 
t** Kardos, A., Forsch Gebtete Ingenteurw , S, 14-24 (1934) 

•“Lucas, PL, I. de Phys (7), 8, 98S-99S, 410-428 (1937), Compt rend. 204, 418-420, 1631- 
1632 (1937) 

•a Perrin, F., and Lucas, R, Compt rend, 204, 960-961 (1937) 

■" Barratt, T.. and Nettleton, H. R , Int. Crrt. Tables, 5, 218-233 (227) (1929) 

••'Bridgman, P. W, Proc. Amer. Aead Arts Set, 59, 141-169 (1923). 
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Table 131 — fContinuedJ 

kf and ki = thermal conductivity of water at the indicated temperature 
and under the pressures p and 1 atm, respectively ; /> = 1 atm + P kg*/cm-. 


= t°C. 







Unit of P = 1 

kg*/cni’ = 0 9678 

atm — 0 9807 megadyne/cm* 



30 

7S 


30 

75 

p 

I000(ip 

- 

p 

loooctp - 

*i)/*i 

1000 

58 

65 

7000 

332 

345 

2000 

113 

123 

8000 

366 

379 

3000 

163 

176 

9000 

398 

412 

4000 

210 

225 

10000 

428 

445 

5000 

253 

268 

11000 

456 

476 

6000 

293 

.308 

12000 

F* 

506 


ro7en 


Table 132. — Thermal Conductivity of Sea-water 

In 1907, O Krummel stated that direct determinations of the ther- 
mal conductivity of sea-water were then lacking He computed a series 
of values for 17.5 °C and various salinities, based upon the conductivity of 
pure water and upon the assumption that the heat diffusivity (conductivity 
divided by product of density times specific heat) is the same for sea-water 
as for pure water. These values, so corrected as to accord with the value 
of the conductivity of water given in the IntermhoncA Cntical Tables, were 
given in the compilation by T. Barratt and H R. Nettleton,®®" and are 
reproduced below. See also J E. Fjeldstad Salinity = s grams total 
salts per kg of sea-water. 

Unit of k ~ 10"'* vatt/cm “C, of = 1 ff/kg- Temp = 17 5 ®C 

j 0 10 20 30 35 40 

k 583 569 563 560 558 557 


36. Temperature of Maximum Density of Water 

That the density of water under a pressure of 1 atm is a maximum at a 
temperature (tm) near 4 °C has long been known, but the exact value of 
t„, 3.98 °C on the international hydrogen scale ( 3 98 to 401 for mercury- 
in-glass thermometers), was not established until around the beginning 
of this century. 

A list of 36 early and widely varying estimates of tm has been published 
by F. RoSsetti The only ones in that period that need be considered are 
those of Despretz, included in the following table. 

As the pressure is increased, decreases, its rate of decrease, at least 
for the first few hundred atmospheres, being essentially constant and greater 
than that of the depression of the freezing point. The first attempt to 

» Krummd, O , "Handbuch der Ozeanographie," Vdl. 1, p. 280, Stuttgart, J Engdhorn, 1907 

■•Barratt, T, and Nettleton, H. R, Int. Cnt. Tables, 5, 218-233 (229) (1929). 

«• Fjddstad, J E , Geofytuke Publ , 10 No. 7, 1933 

■t Rosaetti, F , Ann de ehim et phys. (4). tO, 461-473 (1867) Atti 1st. Veneto, 12, (1866) 
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estimate the variation of tm with the pressure seems to have been that of 
J. D. van der Waals.*®* His estimates, based upon an equation which he 
fitted to 3 values of the compressibility as determined by C. Grrassi®^^ 
and upon the thermal expansion as given by the formula of H. Kopp®®® 
[10«(v - Vo)/vo = - 61.045t + 7.7183<® - 0.03734t®, 0® < t < 25 ®C] are 
quoted in a much used handbook, and ascribed to Grassi, computation by 
van der Waals. Actually, Grassi is in no way responsible for those values, 
which, indeed, are discordant with all direct determinations. The data 
from w’hich they were derived are unsuited to that purpose, and the equation 
which van der Waals used for the compressibihty reproduces only those 
three of Grassi’s determinations which were used in deriving it, giving at 
other temperatures values which are entirely impossible. For these reasons, 
those estimates by van der Waals are not included in this compilation, it 
being sufficient to remark that for the range 1 to 10.5 atm they lead to a 
mean depression of tm of 0.072 °C per atmosphere, nearly three times that 
found experimentally for a wide range of higher pressures (see Table 133). 

The presence of a solute likewise depresses the value of tm* again, by 
more than it depresses the freezing point. To a first approximation, each 
depression is proportional to the concentration of the solution. 

A. J. Bijl has reported values of t*, for mixtures of water and finely 
divided sugar-charcoal. They fall below the value for water, the depres- 
sion (Dtm) of tm depending upon the amount of charcoal; e.ff., for 7.87 g 
chared and 15.03 g water, Utm = 4.8 °C = 0.61 °C/g-cliarcoal ; for 4.55 g 
charcoal and 16.82 g water, — 2.7 ®C = 0.59 °C/g-charcoal. He sug- 
gests that the effect arises from the composition of the water (relative 
amounts of the several polymers) in the absorbed layer differing from that 
of water in bulk. 

Table 133. — ^Temperature of Maximum Density of Water 
(For sea-water, see Table 134.) 

If P does not exceed a few hundred atmospheres, the temperature of 
maximum density (t„) is approximately given by tm = 3.982 — a(P — 1) °C. 
The earlier observations gave 398 to 4.01 when F = 1, depending upon 
the nature of the glass of the thermometer, Lussana® derives from his 
observations a = 2.25 ®C per 100 atm, which probably is as good as we can 
do ; that value is higher than the mean of those given below because they are 
based on tm = 4.00 °C for P = 1, while his equation calls for 4.10 °C. If 
P is not too great, the freezing point is t/ = — 0.0075 (P — 1 ) ; hence tm = 
tf when P is about 270 atm. 

«• vu der Waali, 7. O , Betbl m Ann. d. Phytfk, 1, 511-513 (1877) 4- Ued. Kan Acad Wat. 
Amsterdam, Afd. Nat (2), 11, 1-13 (1877) 

oKopp, H., Ann d Physxk (Poga ). 72, l-«2. 323-293 (44) (1847). 

A. J., Ree. trav. chun. Pays-Bat, 41, 783-769 (1937). 
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Table 133 — (Continued) 


Unit at P<" 1 atm; of a = 1 ‘C per atm. Temp = tm *C 


, — P" 

1 atm 

Ref* 

P 

fn 

lOOa 

— Effect 1 
Ref • 

ofpreuure 

P 


lOOa 

Ref.* 

3 98. 

Best 

-26.3 

46 

2.2 

Mil 

166 

040 

2.18 

L95 

3 98. 

deCS4 

-205 

4.5 

23 

Mil 

200 

-0.44 

2.23 

L9S 

3.98. 

Ch97* 

-12.9 

4.3 

22 

Mil 

222 

-0.91 

222 

L95 

398. 

TSDOO 

+416 

33 

1.7 

A93 

251 

-154 

222 

L9S 

398. 

deC03 

93 3 

2.0 

2.2 

A93 

268 

-182 

218 

L95 

399 

D37 

145 

06 

24 

A93 

300 

-257 

2.20 

L95 

400 

D39 

197 

ca 0 

20 

A93 

322 

-3.QS 

2.20 

L9S 

407 

R66 

47 

3.06 

2.0 

L9S 

150-600 

24 

T82 

404 

R68 

58 

2.7S 

219 

L95 

? 


2.0 

T88 

4 10 W78 

3 96 S92 

4 OS L9S 

3 97. Ma91 

. • References 

100 

112 

148 

163 

1.90 

168 

0.77 

0.40 

2.12 

209 

220 

222 

L9S 

L9S 

L9S 

L9S 

600 

0 

06, 

PG23 


A93 

deC94 

deC03 

Ch97 

D37 


Amapat, E H , Compt. rend, 116, 946-952 (1893) 
de Coppet, L. C , Ann d* ehtm et phys (7), 3, 240-269 (1894) 
de Coppet. L C . Idem, 28, 145-213 (1903). 

Chappui<i, P, Ann d Phynk (IVud), 63, 202-208 (1897). 

Deipreta, C., Compt. rend, 4 , 124-130 (1837) -*An» d Pkytxk (Pogg ), 41, 58- 
71 (1837) 

Despretz, C , Ann de chtm et pkyt (2), 70, 5-81 (1839) 

Losaasa, S , Nnovo Ctm (4), 2, 233-252 (1895) 

Meyer, J, Abk d Deutsch Bnneen-Gee , 3, No 1, whole No. 6, 1911 
Makaroff. C O , /. Rust Phys Chtm Soe {them), 23 IX, 30-88 (1891). 
Puihin, N A, and Grebenshchikov, E. V** 

Rossetti, F, Ann de chtm et phys (4), 10, 461-473 (1867) o- .dtti Reg. Jst 
Veneto (t). 12, (1866). 

Rosettt, F. AUt Reg 1st Veneto (3), 13, 1047-1093, 1419-1457 (1868) * 

chtm et phys (4). 17, 370-184 (1869). Each (R66, R68) abstracted m Ann d. 
Physik (Pogg) Erg Bd . S, 258-275 (1871) 

Scheel, K , ^fin d Physik (Wted ), 47, 440-465 (1892) 

Tait, F G , Proc Roy Sor Edinburgh, 11, 813-815 (1882), from observations 
of Marshall, D H, Smith. C M , and Omond, R T, Idem, 11, 809-813 (1882). 
Tait, P G , BethI *n Ann d Physik, 13, 442-445 (1889) «- “'Report Set Res 
Voy II M S Challenger, Phys and Chem," 2, Part 4, London, 1888 
Thiesen, M, Scheel, K, and Diesselhorst, H, frits Abh, Physik -Teehn, Reich- 
sanstttit, 3, 1-70 (1900) -»Z. Instk , 20, 345-357 (1900). 

Weber. L , fl«W *u Ann d Physik, 2, 696-699 (1878) «- Jahresbtr Comm 
II us Unterseh, Dents Meere in Kiel, 4-6 (1874-76), 1-22 (1878). 

'The equations by means of which Cfaappuis represents his two ultiiimte series 
of observations between 0" and 10 *C, lead to tw = 3 978 and 3 994, respectivelv ; and 
their mean, which defines his definitive values (Table 99), gives tm = 3986 


D39 

L95 

Mil 

Ma91 

PG23 

R66 

R68 


S92 

T83 


T88 

TSDOO 


W78 


Table 134. — Temperatare of Maximam Deasity of Sea-water 

D H. Marshall, C M Smith, and R. T. Omond have reported that 
when sea-water (not more particularly specified) is adiabatically expanded 
from P to 1 atm there is no resultant cliange in temperature if the asso- 
ciated temperature and pressure (P) have the following values: — S °C, 
153 atm ; — 8 5 ®C, 306 atm ; — 1 1 °C, 458 atm ; and — 13 "C, 610 atm. 

The following data all refer to a pressure of 1 atm. It seems probable 
that all values of t„ in Section I should be increased by about 0.035 °C 
(c/. value for s = 0 with Table 133) ; it is believed that the data m that 
section are in other respects to be preferred to those in Section II. 

4<»Chappuif, P., Trav. et Uim. Bur. Int. PoUt et Mes., 13, D1-D40 (1907). 

Manhall, D. H , Smith, C. M., and Onnond, R T,, Proe. Roy. Soe. Edinburgh, 11, 809-813 
(1882). 
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Table 134 — (ConHmted) 

In Section II, the values given for the salinity (j) have been estimated 
from the density by means of Table 109 except as the contrary is indicated, 
and are, together with Dt^/s, only approximately correct. It will be noticed 
that the values (B) derived from the compilation by J. A. Beattie do 
not entirely accord with the others, although they are said to have been 
based upon the observations by L, Ma, N, R, and W. It seems likely that 
the relation he used to connect with s differs from that used by the 
present compiler. 

Po = 1 + lO'^Ao IS the density at 0 “C , p^ax = ( 1 + 10‘^Am) is the den- 
sity at tm, tn °C = temperature of maximum density; Dtm= (3 947 — tm) 
in Section I, and (3 98 — t„) in Section II 


Unit of 1 g Mlt per kg sea-water, of a> and 

Pm — 3 g/cm*, of Dt 

n/z = 0 1 ' 

’C per (ff/kg) 

I. 

O. Krummel.^®* 






• 

s 

Am 

tm 

Dtm.ls 

s 


tm 


ntm/l 

0 

0 

3 947 


20 

160 7 

-0 310 


213 

1 

85 

3 743 

204 

21 

168 7 

-0 529 


213 

2 

16 9 

3 546 

200 

22 

176 7 

-0 744 


213 

3 

251 

3 347 

200 

23 

1848 

-0 964 


214 

4 

33 3 

3133 

2 04 

24 

1929 

-1 180 


214 

S 

415 

2926 

204 

25 

2010 

-1398 


214 

6 

49 6 

2 713 

206 

26 

2001 

-1613 


214 

7 

577 

2 501 

207 

27 

2172 

-1831 


214 

8 

65 8 

2 292 

207 

28 

225 3 

-2 048 


214 

9 

738 

2 075 

207 

29 

233 4 

-2 262 


214 

10 

818 

1 860 

209 

30 

241 5 

-2473 


214 

11 

89 7 

1045 

2 09 

31 

249 7 

-2687 


214 

12 

976 

1426 

210 

32 

2578 

-2 900 


214 

13 

105 6 

1 210 

211 

33 

2659 

-3109 


214 

14 

113 5 

0 994 

211 

34 

274 0 

-3 318 


214 

IS 

1213 

0772 

212 

35 

282 2 

-3 524 


214 

16 

129 2 

0 562 

212 

.36 

290 4 

-3 733 


213 

17 

136 9 

0 342 

212 

37 

2986 

-3 936 


213 

18 

144 8 

0124 

212 

38 

306 8 

-4138 


213 

19 

152 7 

-0 090 

213 

39 

315 0 

-4 340 


213 

20 

1607 

-0310 

213 

40 

323 2 

-4 541 


212 

21 

1687 

-0 529 

213 

41 

3314 

-4 738 


212 

II. 

Various observers. 







X 

A> 

tm T)tm/s 

Ref • 

s 

A, 

tm Dtm/s 

Ref* 

91* 


24 17 

B 

42 

335 

-4 6 

20 

L 

181* 


05 19 

B 

47 

381 

-53 

20 

L 

271* 


-13 19 

B 

35 

281 

-4 74 

25 

N 

36.1* 


-32 20 

B 

35 

281 

-3 90 

23 

R 

8 

71 

+22 22 

L 

33 

267 

-3 21 

22 

R 

17 

139 

-04 26 

L 

34 

273 

-3 67 

22 

D 

20 

158 

-08 24 

L 

79* 


+243 

20 

W 

25 

204 

-12 21 

L 

177* 


+045 

20 

W 

33 

262 

-3.7 23 

L 

26 

208 

-157 

21 

M 

36 

293 

-42 23 

L 

35 

281 

-3.88 

23 

M 

“W Beattie, J A., 

Int. Cnt Tables, 3. 108 (1928) 






^Krummel, 0., 

“Handb d. Ozeanog Vo». 1, 

1907. 
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Table 134 — (Continued) 


B 

D 

L 

M 

N 

R 


W 


Beattie, J A"” (based on L, Ma, N, R, and W) 

Despretz, C, Compt rend, 4, 435-440 (1837), Ann. d. Phystk (Pogg ), 41, 58-71 
(1837), ,4»n de ckim et phyt (2), 70, 5-81 (1839). 

Lenz, K , Mim Acad Sn Russte (7), 29, No 4 (1881) (observations by Reszow) 
Makaroff, C O, / Rnss. Pkys Chan Sac (Chem,), 2311, 30-88 (1891). 

V Neumann, C , ,4nn d Pkynk (Pogg ). 113, 382 (1861) *- Dus , Munefaen, 1861 
Rossetti, F, Atti Reg. let Veneto Set., Let, ed Arit (i), 13, 1047-1093, 1419-1457 
(1868) -» ,4nii de ektm et pkys (4), 17, 370-384 (1869) -♦/Inn d Pkystk (Pogg) 
Erg Bd. 5, 258-275 (1871) 

Weber, L, Jakresber Comm Wus Unters Dents Metre in Kiel, 4-6, (1874-1876), 
1-22 (1878) =Dus, Kiel, 1877-*Seii/ Ann d Pkys (Wied ), 2, 696-699 (1878) 


* Given in the citation 


37. Refractivity of Water 

The data for the refraction of water given in Table 135 are believed to 
be the best of the kind now available. The reduction of the observations 
on which they are based was not completed until after the rest of this section 
had been written , and since they have been received, the remainder of the 
section has been only slightly revised, mainly by increasing the number of 
entries for the visible spectrum in Table 137, which initially included only 
the better values. 

Relative to the discussion of a possible dependence of the properties of 
water upon its recent thermal history (see p. 170+ ), V. K. LaMer and 
M. L. Miller have sought for a difference between the index of refrac- 
tion of water newly boiled, rapidly chilled, and measured at once, and that of 
water treated in a similar manner but kept at room temperature for three 
days before measuring the index. No difference was found ; the precision 
was ±3 m 10®. It should, however, be remembered that the index of 
refraction of water exhibits no anomaly at 4 and that both B. C. 

Damien and V. S. M. v.d. Willigen have reported that the indices of 
different samples of water, nominally identical, may differ appreciably. 
The former stated that, like the latter, he had observed that apparently 
identical specimens of water in which no impurity could be found chemically 
may have different indices, although any one given sample always had the 
same index. 

Intercomparison of data obtained by various observers is aided by com- 
paring those of each with the same interpolation formula. C. Cheneveau 
accepted formula (1), which is due to F. F. Martens,®’® as valid at 18 ‘’C 
and for wave-lengths (A.) in the range X = 0.224 to 1.256/4; the unit of A 
in the formula is 1 /i, and the index is writh reference to air at atmospheric 
pressure and at the same temperature as the water. 

71= = 1.76148 - 0.013414X2 + 0.0065438/(X2 - 0.0132526) (1) 

"•LaUer, V K, and Miller, M. L, Pkys. Rev (2), 43, 207-208 (1933) 

<ujainin, J, Compt. rend, 43, 1191-1194 (1856) 

4U Damien, B C , Ann Set Ecolt Norm. Snp. (2), 10, 233-304 (272-278) (1881) -> /. de Pkys 
(1). 10, 198-202 (1881). 

d WiUigen, V. S. M., Arck Mns Teyler, 1, 74-116, 161-200, 232-238 (1868). 
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For the same unit of A and under the same conditions except that the tem- 
perature is 20 °C, J. Duclaux and P. Jeantet^*® Iiave given formula (2).* 

= 1.76253 - 0.0133998x2 + 0.00630957/ (A® - 0.0158800) (2) 

Neither of these formulas hts the observed values satisfactorily if 
A < 0.25 ; but the second fits the more closely, and its fit can be improved 
by adding to it the term 10® where c = 107.73(0.064156 — A*) — 5. That 
formula (2), as so modified, is us^ as the norm with which to compare 
the observed values (Tables 137 and 138). The three formulas are com- 
pared in Table 139, where the values of drie/dK for each of a number of 
values of A are also given. It will be noticed that the dispersion of water 
in the ultraviolet exceeds that of quartz. 

Variatioa with the Temperature (Tables 140, 141, 142, and 143). 

Each of the several measurements of the variation of the index of refrac- 
tion with the temperature has usually been summarized by a formula. A 
number of these formulas for water are given and compared in Table 142. 
Except that of Ketteler, they are all algebraic expressions involving only 
integral powers of t. Ketteler’s is this: (»* — l)-(i;* — = C{1 -f- «^"*“), 

where v* is the specific volume of the water, C is the value of (n* — l)i»* 
when the substance is in the gas phase and greatly expanded, and a, j3, and 
k are constants fixed by the substance alone ; C varies with A, determining 
the dispersion. 

It will be noticed that Ketteler’s formula can be put in the form 
(n2 — 1) s= where f and F are each a function of a single vari- 

able, A or t. Whence, for a given A, (n* — l)/(n^ — 1) = F{ti)/F{t 2 ) 
and («2 — «p/(n2 — 1) = 1 — F(^ 2 )/F(fi) are each independent of A. 
Likewise, for a given t, similar ratios are independent of t. Flatow’s 
extended series of observations on water (A = 2145 to 5893A, t = 0 to 
80 ®C) does not satisfy these conditions. 

Although the temperature coefficient of « is a function of A, its variation 
with A is not very rapid (see Table 141). 

There is no evidence of an anomaly at 4°C; the index continues to 
increase as the temperature is reduced below tliat temperature, and B. C. 
Damien,*^^ whose observations extended to —8 °C, found no maximum. 
Others have, however, found that the index does pass through a mavimnm 
at a temperature (fmr) not far from 0 “C, but the several observers do not 
agree regarding that temperature. J. Jamin*‘* concluded that tmr was 

* A typographic error occurs in Jhe paper cited, the value of the numerator of the 
third term being given as antilog 3.00800, whereas the computed values for n show 
that it should have been antilog 3.80000 

Ch^neveau, C., tnt Crtt. Tables, 7, 13 (1930), Raeuett ie const phys (Sac fr de Phys.), 
Parts, 1913. 

Martens, F. F, Ann d. Pkystk (4), 6, 603-640 (1901). 

"■Dudanz, J., and Jeantet, P., / de Phys. (6). 5, 92-94 (1924). 
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near 0 ®C , L. Lorenz that it was +001 "C for the D-liiie (A, = 5893A) 
and +0.17° for Li (A = 6708A) ; C. Pulfrich placed it between —1 and 
— 2°C, his observations extending to — 10°C, E. Ketteler"® placed it at 
— 1 S°C; and N. Gregg-Wilson and R. Wright^®® at — 0.5 °C. L. W. 

Table 135. — Index of Refraction of Water in the Visible Spectrum : 

Preferred Values 

(L. W. Tilton and J. K. Taylor. Numerical data privately 
communicated by Tilton prior to the publication of the detailed 
account of their work,*®* which contains extensive tables cover- 
ing the ranges 0 to 60 °C and 4000 to 7250A ) 

The index is with respect to dry air at a pressure of 760 mm-Hg and 
at the same temperature as the water. Under 8 are given the values of 
10®(«o — «). **0 being the value defined by the expression given in the 
head-matter of Table 137, and n being the index here given for 20 °C. 

Unit of X “ 1 n “ 10-*ein = 10* A. Temp = t ‘C 

I. Index with respect to dry air at the same temperautre (t °C) and a 
pressure of 760 mm-Hg. 


t-> 

\ 

10 

20 

30 

40 

20 

A 

15 

25 35 

0 706S2 

1 330704 

1 330019 

1 328993 

1 327685 

-20 


1029 

1309 

066781 

1567 

0876 

9843 

8528 

-02 

694 

103 6 

131.7 

0 65628 

1843 

1151 

1330116 

8798 

+02 

696 

103 8 

131.9 

0.58926 

3690 

2988 

1940 

1 330610 

+22 

707 

105 0 

133 2 

0 S87S6 

3744 

3041 

1993 

0662 

+24 

70 7 

105 0 

1332 

0 57696 

4085 

3380 

2331 

0998 

+26 

70 9 

105 2 

133 5 

054607 

5176 

4466 

3411 

2071 

+33 

714 

105 8 

1341 

0 50157 

7070 

6353 

5289 

3939 


721 

106 7 

1352 

048613 

7842 

7123 

6055 

4702 

+3 3 

72 3 

1070 

1354 

0 47131 

8653 

7931 

6860 

5504 


726 

107 3 

135 8 

044715 

1.340149 

9423 

8347 

6984 

+29 

730 

1078 

1365 

0 43583 

0938 

1 340210 

9131 

7765 

+26 

73 2 

108.1 

1368 

0 40466 

3476 

2742 

1 341656 

1.340280 

+ 19 

73 8 

108 9 

137.8 

II Index for the D-lines of Na (Hartmann’s mean A = 

0.58926^), 

with respect to dry air at the same 

temperature (# °C) and a 

pressure of 

760 mm-Hg. 








t H 

t 

ff t 

n 

t 

n t 

n 

t 

n 

10 1.333690 

15 1 333387 20 1.332988 

25 1.332503 30 1.331940 

35 1.331308 

11 638 

16 

315 21 

897 

26 

396 31 

819 

36 

173 

12 582 

17 

238 22 

803 

27 

287 32 

695 

37 

036 

13 521 

18 

158 23 

706 

28 

174 33 

569 

38 1 330896 

14 456 

19 

075 24 

606 

29 

059 34 

440 

39 

754 


Tilton and J. K. Taylor find for the index with respect to air at the 
same temperature t«ir = + 0.19 °C for the D-line and +0.33 °C for 

J.| Compt rend., 43| 1191-1194 (1856) 

Lorenz, L, Ann d, Pkytxk (W%id,h U, 70-103 (1880). 
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He (A = 6678A), and they compute for the absolute index at these wave- 
lengths the values tmr = — 0 05 and -{-0 09 °C, respectively. 

Both Jamin and Damien have reported that the act of freezing is pre- 
ceded by an anticipatory decrease in the index Damien has described 


Table 136. — ^Reduction of the Index of Refraction of Water 
from Air to Vacuum 

If Uair is the index of refraction of water with reference to air at the 
same temperature and a pressure of 760 mm-Hg, then the index with refer- 
ence to a vacuum is Mtm = «ai» + A, A depending upon the wave-length (A) 
and the temperature. The following values of A are based upon the values 
found by W. F. Meggers and C. G. Peters for the index of refraction of 
air; for air at a fixed pressure, (n — 1) is inversely proportional to the 
absolute temperature 


Unit of = 10-‘ cm. Temp t *C 

I Temperature = 20 °C. 


X 

10“ A 

X 

10“ A 

X 

10“ A 

X 

10“ A 

020 

45 5 

024 

414 

035 

378 

0 55 

363 

021 

441 

0 25 

408 

0.40 

372 

060 

36 2 

0.22 

43 0 

027 

39.8 

0 45 

368 

0 70 

36 0 

023 

421 

030 

388 

0 50 

36 5 

0 90 

35.7 

II. The D-lines , A = 0 5893. 





t 

10“ A 

t 

10° A 

t 

10' A 

t 

10“ A 

-10 

404 

10 

37 5 

30 

35 0 

70 

308 

- 5 

39.7 

15 

369 

40 

33 9 

80 

298 

0 

389 

20 

362 

SO 

328 

90 

290 

+ s 

382 

25 

356 

60 

317 

100 

281 


the phenomenon thus : “J’ai eu bien souvent I’occasion . . . d’observer une 
brusque diminution de I’mdice sans cause apparente. L’lmage d’une raie 
etant superposee au reticule, on voyait tout a coup cette image se deplacer 
lentement et graduellement Un instant aprfe sculement, des aiguilles de 
glace se formaient dans le pnsme. Comme le fait remarquer M. Jamin' 
La congelation se pr^are pour ainsi dire a I’avance au moment ou elle va 
s’operer.” 


*>* Pulfnch, C , Idem, 34, 326-340 (1888) 

<» Kettder, E., Idem, 33, 353-381, 506-534 (1888) 

**> Gresg-Wilson, N, and Wright, R, I, Phys'l Chem , 35, 3011-3014 (1931). 

Tilton, L W , and Taylor, J K , pnvate cemmumeatton, 1935 
“•Bramley, A., Pkys Rev (2), 33, 279, 640 (1929), J Opt See Amer, 21, 148 (1931). 

C%6neveau, C , Ann de chim et phyi (S), 12, 145-228, 289-293 (1907) 

"Tilton, L vr. Bur Stand J Ret . 2, 909-930 (RP64) (1929), 6, 59-76 (RP262) (1931), 
11, 25-58 (RPS75) (1933), 13, 111-124 (RP693) (1934), 14, 393-418 (RP776) (1935). 

" Dafet, H , “Recneil de donn4e> auni6riques Optique *’ Publ. by Soc Fr. de Pbyaiqne, 
Gauthier-Vdlara,‘ Paria, 1898 


"Korff, S. A., and Breit, G, Rev. Mad Phyt, 4, 471-503 (1932). 

"Taton, L. W., I. Ret Nat Bur Stand, 17, 639-650 (RP934) (1936). 

"THton, L. W., and Taylor, J. K, Idem, U, 205-214 (RP971) (1936). 

"Tilton, L W., and Turlor, J K„ / Ret Nat. Bur. Stand, 20, 419-477 (RPI085) (1938). 
" Meggers, W. F., and Veters, C. G., Bull. Bur. Stand , 14, 697-740 (8327) (1918). 
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Effect of Electric Field. (For Kerr effect, see Section 51.) 

When an electric field of high frequency is applied to water in a direction 
perpendicular to that of the propagation of light through it, certain effects 
are observed which were initially interpreted as indicating that water has a 
set of absorption bands (and consequently, exhibits anomalous dispersion) 
for waves 3 to 10 meters long. Later observations showed that such an 
explanation is incorrect.*®* 

Table 137. — Various Values of the Refraction of Water at 20 *=0 

(For the preferred values in the Visible Spectrum, see Table 
135 ; for reduction to vacuum, see Table 136; for a comparison 
of certain sets of values, see Table 138; for A. > 5000 /i, see 
Table 172.) 

These indices (n) are with reference to air at a pressure of approxi- 
mately one atmosphere and at the same temperature as the water, usually 
20 °C, but those quoted from Rubens (Rub) are for 12 °C, and those from 
Rubens and Ladenburg (RL) are for 18 °C In these exceptional cases 
the precision of measurement is not great enough to justify a correction for 
so small an interval as 8 °C If several sources are cited for the same 
value, that value is the mean of those from the several sources, and only 
rarely does any one of the individual values differ from that mean by so 
much as 2 in the fifth decimal place If the group of references includes 
ICT, then the tabulated mean is exactly that given by Cheneveau in the 
International Critical Tables For certain frequently studied wave-lengths, 
several values of n are given, the first being regarded as superior to the 
others No distinction has been made between the values of n that have 
been determined absolutely and those that have been derived from such 
absolute values by means of relative measurements, either by the same or 
by another observer. 

The somewhat arbitrarily chosen norm with which the several values 
are compared is 

(«,)■ = 1.762530 - 00133998X. + + 

JOtlOT T31(0 06«6a-X*)-6J 

the unit of A is 1 (see text). The values of A used in computing «o are 
those here given, those given to 5 significant figures having been taken 
from the list of wave-lengths given by H. Kayser.*®^ 

It will be noticed that the ICT values agree with the DJ ones until 
A = 0.214 fi is reached, where a sudden break of 40 in the fifth decimal 
place occurs ; with increasing values of A, the discrepancy decreases until at 
A = 0.397 (I the two series again coincide, and thereafter continue to coin- 
cide to the end of the DJ series 

Kayser, H , Int Crit Tables, S, 276-322 (1929) 
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Table 137 — (Conhntied) 


Unit of X = 1 


, X n 10'(«.-n) Ref* 


Ctt» 

0.000154 0 99999652 


Th 

Cu 

0 000154 0.9999964 


St 

Cu 

0.000154 0 9999963 


Sm 

Ae 

0.1151 

Met* 


ICT.DJ 

0 1829 

1.46379 

-41 9 

ICT.DJ 

Ae 

0 1832 

264 

-18 2 


Ac 

0 1834 

199 

-198 


Ac 

0 1835 

141 

+ 75 

DJ 

Ac 

0 1838 

1.46060 

- 36 


Ac 

0 1839 

013 

+ 12 5 

DJ 

Ac 

0 1849 

1 45715 

+ 11 8 

HI 

Ac 

0 1853 

395 

+ 16 3 

DJ 

A* 

0 18547 

528 

+34 3 

DJ 

AI 

0.18582 

477 

-139 


At 

627 

343 

- 50 

ICT.DJ 

Al 

0 19352 

1 43595 

+ 44 

AI 

898 

1 42572 

- 59 

ICT, DJ 

Za 

0.20255 

1 41993 

- 70 

DJ 

Zn 

619 

1459 

- 21 

DJ 

Zn 

0.21385 

1 40500 

+ 79 

DJ 

Cd 

444 

437 

+ 56 

DJ 

Cd 

444 

397 

+45 9 

ICT. FI 

AI 

740 

128 

+ 08 

DJ_ 

Cd 

946 

1 39883 

+40 4 

ICT. FI 

AI 

0.22100 

775 

+ 1 5 

DJ 

AI 

636 

305 

+ 04 

®J 

Cd 

650 

257 

+34 2 

ICT, FI 

AI 

0.22691 

1 39258 

- 05 

DJ 

Cd 

0.23129 

1.38878 

+35 6 

ICT, FI 

Al 

671 

533 

- 52 

DJ 

He 

783 

434 

+ 19 4 

Ro 

Au 

0 24280 

103 

+371 

ICT, FI 


827 

1 37809 

+17 5 

Ro 

Zn 

0 25020 

1 37734 

-11 2 

DJ 

AI 

680 

406 

-13 2 

DJ 

Cd 

730 

349 

+20 0 

ICT, FI 

AI 

753 

372 

-12 6 

DJ 

He 

0 2576 

338 

+ 17 3 

Ro 

AI 

0 26317 

119 

-12 8 

DJ 

AI 

525 

031 

-12 4 

DJ 

Al 

604 

1 36998 

-12 0 

DJ 

Aa 

760 

904 

+ 19 2 

ICT. FI 

Cd 

0.27486 

637 

+ 11 0 

ICT. FI 

He 

0 28035 

442 

+16 1 

Ro 

AI 

0 28163 

428 

-12 0 

DJ 

He 

0 28936 

168 

+ 85 

Ro 

AI 

0 30822 

1 35671 

+ 12.7 

ICT, FI 

Al 

822 

694 

-10 4 

DJ 

Al 

927 

668 

- 88 

DJ 


031317 

567 

+ S 1 

Ro 

He 

0 33415 

165 

- 1 6 

Ro 

Ca 

0 34036 

044 

+ 16 0 

ICT, FI 

Al 

0 35871 

1 34795 

- 83 

DJ 

Al 

0 36016 

774 

- 69 

DJ 

Cd 

117 

738 

+ 15 8 

ICT, FI 

Al 

124 

760 

- 7 1 

DJ 

He 

0 38886 

432 

- 26 

Ro 

AI 

0 39440 

366 

+ 73 

ICT, FI 

AI 

440 

378 

- 48 

DJ 

DJ 

Al 

615 

360 

- 3 8 

Ca 

0 39685 

1 34325 

- 26 

ICT, Wil 

Ca 

685 

352 

- 36 

DJ 

N 

950 

328 

- 4 1 

DJ 


0 40466 

284 

- 79 

Ro 

Hi 

0 41017 

228 

- 10 

Wil 

Hd 

0.41017 

208 

+19 0 

Du 

Fe 

0.43258 

029 

+18 3 

Do ' 

Hy 

405 

035 

+ 1 6 

ICT.Da 

Hr 

405 

038 

- 14 

T.a, Sch 

Hr 

405 

045 

- 84 

Br. Si 

Hr 

405 

024 

+12 6 

Be 

Hr 

405 

015 

+21 6 

Du 


583 

030 

- 64 

ICT.OL 

He 

583 

027 

-34 

Ro 

He 

583 

022. 

+ 08 

Ja 


» 10“* cm * 10^ A 


, 

—A 

n 

I0*(a.-a) Ref.* 

Fe 

836 

1 33989 

+16 5 Du 

Cd 

0 44157 

981 

+ 20 ICT, FI 

He 

715 

945 

+ 0.2 Re 

Cd 

0 46782 

815 

+ 1 4 ICT, FI 

Cd 

782 

817 

- 06 Si 

Cd 

0.47999 

750 

- 1 9 ICT, FI 

Cd 

999 

753 

- 49 Si 

H? 

0 48613 

714 

+ 1.6 ICT.OL, 




Sch, Si 

HP 

613 

715 

+ 06 Wil, Wu 

HP 

0 48613 

1 33719 

- 3 4 Br 

HP 

613 

738 

-22 4 Ka 

HP 

613 

710 

+ 5.6 La 

HP 

613 

704 

+116 Be, Da, 

T^ai 

N 

0 50032 

645 

- 0 3 DJ 

Cd 

858 

609 

- 6 8 Si 

N 

0 51795 

567 

- 3 0 DJ 

Me 

0 51836 

549 

+ 13 2 Du 

Cd 

0.53380 

499 

- 1 3 ICT, FI 

T1 

505 

490 

+ 26 ICT 

TI 

505 

492 

+ 06 Br, Sch 

n 

505 

498 

- 54 Si 

TI 

505 

485 

+ 76 Ru 

TI 

505 

481 

+ 116 Du, Ket, 




Wm 

He 

0 54607 

447 

+ 29 ICT 

He 

607 

448. 

+ 14 Ja 

He 

607 

440 

+ 99 Ro 

N 

0 56795 

370 

+ 1 0 DJ 

He 

0 57696 

342 

- 1 4 ICT 

He 

696 

340. 

+ 04 Ja 

He 

907 

333 

+08 ICT 

He 

907 

333. 

+ 03 Ja 

He 

0 58756 

305 

+ 1 5 Ro 

Na 

0 58929 

300 

+ 1 0 ICT, FI, 




Sch 

Na 

0 58929 

1 33299 

+ 20 BBD.HP, 




Ve, Wa 

Na 

929 

301 

0 0 DJ,Lo 

Na 

929 

303 

— 2 0 Bn Gi, 




OL, Ruo, 




RZ, Wil 

Na 

929 

310 

- 90 Ka 

Na 

929 

308 

- 70 Si 

Na 

929 

293 

+ 80 Du, Ket, 




Rfi, Wm 

Na 

929 

286 

+15 0 Be 

Na 

929 

280 

+21 0 La 

Ha 

0.65628 

115 

+ 03 ICT.OL, 




Ro, Sch 

He 

628 

130 

-14 7 Ka 

Ha 

628 

119 

- 3 7 Br, Wil, 




Wfi 

Ha 

628 

109 

+ 63 Da, Du, 




La, Si 

Ha 

628 

100 

+15 3 Be 

He 

0 66782 

087 

+ 04 Ro 

Li 

0 67079 

079 

+ 1 3 ICT 

Li 

079 

082 

- 1 7 Sch, Wm 

Li 

079 

087 

- 6 7 Br 

Li 

079 

076 

+ 43 Ket, Lo, 




Rfi 

Li 

079 

073 

+ 73 Du 

He 

0 70652 

003 

- 3 1 Ro 

K 

0 76820 

1 32888 

-117 ICT 

K 

820 

884 

- 7 7 Br, Sch 

K 

820 

897 

-20 7 Si 


0 808 

815 

-111 Ruh, Se 


0 871 

1.3270 

- 2 6 ICT, Rub 


0 871 

68 

+ 17 3 Se 


0 943 

58 

+ 35 ICT, Rub, 


1 000 

1.323 

+197 RL 


1.028 

1.3245 

+ 49 ICT, Rub, 




Se 
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Table 137 — (Continued) 


X 

• 

lOHm-n) Ref.* 

1.130 

1 3230 

-1- 3.6 

ICT, Rub, 

1.256 

1.3210 

-1-14 8 

Kn:, Rub, 
Se 

RL 

1.5 

1 316 

-1-214. 

1 617 

1.3149 

4-36. 

Se 

1.968 

1 3078 

4-93 

Se 

2.0 

1.300 

4-787. 

RL 

2.327 

1 2997 

4-74. 

Se 

24 

1 275 

4-2363. 

RL 

26 

1 253 

4-4040. 

RL 

28 

1 282 

4-574. 

RL 

3.0 

1 365 

-8335. 

RL 

X 

n 10‘(» 

-1.328) 

Ref* 

3 0 

1 365 

4-37 

RL 

32 

1 456 

4-128 

RL 

34 

1 437 

4-109 

RL 

3 6 

1 384 

4-56 

RL 

3 8 

53 

4-25 

RL 

40 

38 

4-10 

RL 

45 

43 

4-15 

RL 

50 

30 

4- 2 

RL 

5 5 

1 300 

-28 

RL 

5 8 

I 271 

-57 

RL 

60 

1.324 

- 4 

RL 

62 

60 

4-32 

RL 

6 5 

34 

4- 6 

RL 

70 

27 

- 1 

RL 

80 

1 293 

-35 

RL 

90 

64 

-64 

RL 

100 

1.196 

-32 

RL 

11 0 

50 

-178 

RL 

References ■ 




X 

n 

10i(n- 1 328) Ref • 

12 0 

1 187 

-141 

RL 

13 0 

1.269 

-59 

RL 

15 0 

1.332 

4 4 

RL 

18 0 

1.505 

4-177 

RL 

25 5 to 26. 

141* 

+ 8, 

ICT. RH 

46 9 to 53 6 

1 36* 

4- 3, 

ICT, RH 

75 6 to 86.5 

1 41* 

4- 8, 

ICTT, RH 

52 

1 68* 

435, 

CE 

63 

1 77* 

444, 

CE 

83 

189* 

456, 

CE 

100 

2 01* 

468, 

CE 

117 

2.04* 

471, 

CE 

152 

2.09* 

476, 

CE 

X 

n 

(it-1 33) 

Ref* 

4000. 

9 50< 

8 17 

Lam 

4200 

5 33 

4 00 

ICT.T 

6000. 

9 40« 

8 07 

Lam 

8000 

8 97* 

7 64 

Lam 

8400 

5 68 

4.35 

T 

11000 

6 27 

4 94 

T 

15000 

6.62 

5 29 

T 

18000 

6 65 

5 32 

T 

27000 

8 45r 

7.12 

ICT.T 

io-»x 

fi 

(n-t 33) 

Ref* 

0 027 

8 45' 

7 12 

ICT, T 

012to0 19 

90 

7 67 

Sr 

0 375 

9 08 

7 75 

Dr 

0 5 to 0 6 

Normals 



0 75 

8 98 

7 65 

Dr 

20 

8 92 

7 59 

Dr 

3 3 to 7 0 

90 

7 7 

McCJ 


BBD Baxter G P , Burgees, L L , and Daudt, H W , / Am Chcm Soc , Si, 893- 
901 (1911) 

Be Bender, C, Ann d Phynk (Wttd), 39, 89-96 (1890) 

Br Bruhl, J. \f , Ber 4 D. Chem Ges , 24, 644-649 (1891) 

CE Cartwright, C H, and Brrera, J, Proe Roy. Soc (London) (A), IM, 138-157 
(1936), Acta Phyttcochtm, URSS, 3, 649-684 (1935) and Cartwright, C H, Nature, 
13S, 872 (L) (1935). 

Da Damien, B. C.*“- 

Dr Drude, P., Ann d Phynk (Wtcd ). 59, 17-62 (1896). 

DJ Duclaiut, J, and Jeantet, P, Jour dc Phys (6), 2, 346-350 (1921), 5, 92-94 (1924). 
Du Dufet, H , Idem (2), 4, 389-419 (1885) 

FI Flatow, E, Ann d Phynk (d), 12, 85-106 (1903) Berlin 

Gi Gifford, J W , Proc Roy. Soc (London) (A), 78, 406-409 (1907) 

HP Hall, E. E, and Payne, A. R, Phys Rev (2), 20, 249-258 (1922); 18, 326-327 
(1922) 

ICT Compilation by Cheneveau, C, /»< Crtt Tables, 7, 12-16 (13) (1930), based on 
observations of DJ, X = 0 11S to 0199, of FI, Ma, and Si, X = 0 2i4 to 0361, of 

many observers, X = 0.394 to 0 768, of Rub, X'=0 871 to 1 256, of RH, X 25 5 

to 8&5 , and of T, X = 4000 and 27000. 

Ja Jasse, O , Compt rend , 198, 163-164 (1934) 

Ka Kanonnikoff, J , J prakt Chem (N F ). 31, 321-363 (1885) 

Kct Ketteler, E., Ann. d. Physrk (Wted ), 33, 353-381, 506-534 (1888). 

La Landolt, H, Idem (Pegg ), 117, 353-385 (1862). 

Lam Lampa, A, S\tt K. Akad Wtss Wten, (Abt Ila), 105, 587-600, 1049-1058 (1896) 
Lo Lorena, L, Ann d Physth (Wted ), 11, 70-103 (1880). 

Ma Martens, F. F, Idem (4), 6, 603-640 (1901). 

MeCJ McCarty, L. E , and Jones, L T , Phys. Rev (2), 29, 880-886 (1927). 

OL Osborn. F A , and Lester, H. H , Idem, 35, 210-216 (1912). 

RH Rubens, H, and Uollnagel, H, Verh physth. Cm, 1% 83-98 (1910). 

RL Rubens, H , and Ladenburg, E , Idem, 11, 16-27 (1909). 

Ro Roberts, R 'W , PhU Mag. (7), 9, 361-390 (1930). 

Rub Rubens, H , Ann d. Phyrih (Wted.). 45, 238-261 (1892). 

Ru Ruhlman, R , Idem (Pogg ). 132, 1-29, 177-203 (1867). 

Ruo Ruoss, H , Idem (Wted ), 4^ 531-535 (1893). 

RZ ROntgen, W C, and Zehnder, L, Idem, 44, 24-51 (1891). 

6ch Schutt, F., Z. physth. Chem , 5, 348-373 (1890). 
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If OYiei). 53. 542-558 (1894) Berhn. 1894 

Sm Smith, S. W, Phyt Rev (2). 40. 156-164 (1932) 

Sr Seeberger, M , Ann d Pkynk (5), 1^ 77-99 (1933). 

St Steps, PL, Idem, 16. 949-972 (1933) <- Dus, Jena, 1932 , 

T Tear, J D, Phys Rev (2), 21, 611-622 L1923) -* Abstr Bull Nela Ret. Lab, 1, 

623-629 (1925). 

Th Thovert, J F , /o«r de Phys (7),2,SSS (Bull 305) 0931) 

Ve Verachaffelt, J, Bv/t Acad Roy. Set. Let. Beatue-Artt Belg (3). 27, 69-84 (1894) 

Wa Walter, B, Ann d Pkynk (IVted), 46, 423-^5 (189^ i jim 

Wil V d Wilhgen, V. S M , Arch de Mutee Teyler (Haarlem), 1, 74-116, 161-200, 

232-238 (1868), 2, 199-217, 308-316 (1869) 

Wm Wiedemann, £, Ann d Pkynk (Pogg ). 158, 375-386 (1876) 

Wu Wullner, A , Idem, 133, 1-53 (1868) 


* The Ka line of characteristic 3r-radiation from Cu 
*At X = 0.1151 M the reflection is “metallic.” 


*For X = 2SS to 152, the indicated values of n refer to the “residual” rays left 
after multiple reflection from the following solids CaF«, X = 25 5 to 26 ; N^l 
X=469 to 53 6; KBr, X=75 6 to 865, KQ. X=63, TlCl, X=100, TlBr, 
X=117, and TII, X=152<i W. Weniger” also, has found that in the interval 
X = 50 M to 300 P the index is of the same order of magmtude as in the visible 


spectrum 

* It will be noticed that Lampa’s values are much greater than those of T and ICT 
at X = 4200 m to 27000 M. Lampa used the deviation by a prism, whereas Tear (T) 
derived n from the reflectivity and the extinction coefficient Lampa concluded that 
the dispersion is normal in the range X = 8mm (=8000m) to 12m ( = 12000000/*), 
but there is much absorption near X = 8000 /*, and hence, presumably, anomalous 
dispersion 

' For X = 27000/* (=0 0270 X 10“/*), ICT gives n = 90 

' In the range X = 50 to 60 cm (= 0 5 to 0 6 lOV) there is no anomalous disper- 
sion if the water is pure, that reported by R Weichmann being due to impurities, 
perhaps to dissolved glass."* 


Table 138.— Refraction of Water at 20 °C: Comparison of Data 

For the most accurate data, see Table 135 , for other values, see Table 137 
in which is given the formula by which the arbitrary norm («c) was com- 
puted. The preferred values are those in column TT. 

Unit of X = 1 /* = 10* A = 10-* cm Index is with reference to sir at 20 °C and 1 atm 


Ref 

TT 

Be 

Hr 

Da 

Du 

FI Ki 

Kct 

_ inR/«4 

IsO 

He) 

OL 

RU 

Sch 

Si 

Wa Wil Wm WU 

A 

ne 
















0 19440 

1 34373 






-7 











0 39685 

1 34349 














+3 



0 43405 

1 34037 


-13 

-1-7 

-2 

-22 



+ 1 




+10 



-1 

0 44157 

1 33983 






-2 











0 48613 

1 33716 

-4 

-11 

4-3 

-11 

-IS 

+22 


-4 


-2 


-1 

-2 

0 


+1 

0 53380 

1 WOB 






+l 











0 53505 

1 33493 



-1 


-11 


-12 




-8 

-2 

+5 


-14 


0 58929 

1 33301 

-2 

-IS 

■1-3 


“ 9 

-1 +9 

-10 


0 

+1 

-7 

-1 

+7 

-2 +1 

-9 


0 65628 

1 33115 

0 

-15 

■f4 

-7 

- 6 

+15 


-4 


-1 


+ l 

-5 

+2 


-6 

0 67079 

133080 



+1 


- 7 


-6 


-2 


-4 

+2 



+2 


0 76820 

1 32876 



+ll 









+6 +21 





‘ References • 

TT Tilton, L W, and Taylor, J K, see Table 135, other symbols as in Table 137 


*“ Weniger, W , / Opt Soc Amer . 7, 517-527 (1923) 

*» Weicbmann, R , Ann d Pkynk (4), 66, 501-545 (1921). 
*« Xie. G , Pkystk Z , 27, 792-795 (1926). 
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Other References. 

For a discussion of procedures, instruments, and sources of error, see 
C. Cheneveau,*®® and L. W. Tilton*®*; for a compilation of data prior to 
1898, see H, Dufet *®® ; for a recent review of optical dispersion, see S. A. 
Korlf and G. Breit *®® ; and for a discussion of the accurate representation 
of the index of refraction as a function of the wave-length and temperature, 
see L. W. Tilton *®^ and L. W. Tilton and J. K. Taylor.*®* 


Table 139. — Dispersion Formulas for Water 


(«,)® = 


1.762S30 - 0.0133998 \2 -I- 


0.00630957 
A® - 00158800'*' 


IQ[107.731(0 0641BB- V) -B] 


(n/y = 1,762530 - 00133998 a® + 
«')® = 1 761480 - 00134140 a® -I- 


0.00630957 
A® - 0.0158800 
0 00654380 
A® - 00132526 


«<, IS used in Table 137; was proposed by Duclaux and Jeantet (see 
ftn , p. 280) ; and by Martens and accepted by Cheneveau. n*' is for 
20 “C and «<," is for 18 °C. The index is with reference to air at the same 
temperature, at or near 20 ° C ; unit of A = 1 

E. Flatow*®* represented his observations (214SA to 5893A) by means 
of 5 formulas of the type n® = in — feA® -t- w'A®/(A® — A^, one for each 
temperature used. They may be put in the form n® = o — & A® -h c/(A® — 
A® ) , the values of the constants, referred to a vacuum, being these , 


t 

a 

b 

C 

Xi» 

0 

1 76S6S 

0013414 

0 006.33201 

0 0159088 

20 

1 76362 

0013414 

0 00626020 

0 0161138 

40 

1 75758 

0013414 

0 00619982 

0 0162410 

60 

1 74840 

0 01.3414 

0 00613429 

0 0163328 

80 

1 73755 

0013414 

000603399 

00165482 


The unit of A and of Ai is 1 /i The value for Ai at 20° as published in the 
original article and reproduced in compilations is Ai = 0 12604 /i. That 
IS obviously out of line with the others, and fails to reproduce the obser- 
vations; It leads to c = 000617174 and A® = 0 158861. It seems probable 
that the zero is a typographical error, and that the value should have been 
printed Ai = 0 12694, That leads to the values of r and A® tabulated here, 
and fits the observations Flatow’s formulas are not considered further 
in this table. His values at 20 °C, referred to air, are in Table 137, where 
they are compared with «o : the mean temperature coefficients derived from 
them are in Table 141. 

Very exact formulas based on their own observations have been given 
by L. W. Tilton and J. K. Taylor.*®® 

<*Fl 8 t 0 W, E, Ann d Phystk (4), 12. 85-106 (1903). 
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Table 13S> — (Continued) 

no = observed value; values of (no — «») have been obtained, by inter- 
polation, from Table 137 ; for A > 1.25, («o — «o) is great. 


Unit of X “ 1 A, ” 10* A, of dnt/dX ■= 10-* per A 


X 

He 


10*(«''.-*.) 

10*(*io-n«) 

—dne/d\ 

(018) 

(1 473230) 

(-8979) 

(-23121) 


(362.6) 

019 

1 443823 

-3652 

-12943 

+3 

237.6 

0.20 

1 423934 

-1406 

-7740 

-1-64 

166 5 

0.22 

1 398714 

-174 

-3357 

-15 

96.0 

025 

1377333 

-5 

-1278 

+112 

53.0 

030 

1358842 

0 

-333 

-4 

25.7 

040 

1343192 

0 

-85 

+41 

9.4. 

0.50 

1.336462 

0 

-132 

+3 

4,^ 

0.60 

1332683 

0 

-192 

-6 

30. 

0.70 

1.330140 

0 

-236 

+90 

2.1. 

0.80 

1 328181 

0 

-271 

+111 

17. 

1.00 

1.324969 

0 

-315 

-42 

15. 

1.25 

1 321239 

0 

-348 

-148 

1.5a 

1.50 

1 317272 

0 

-369 


1.6, 

2.00 

1307866 

0 

-397 


2.1o 

250 

1296069 

0 

-421 


26, 

300 

1 281653 

0 

-446 


3 1b 


Table 140.— Refraction of Water at Various Temperatures 
(See also Table 135.) 

The values under HP and J have been derived from the corresponding 
formulas (see Table 142), the values beyond the range for which a for- 
mula is claimed to be valid being inclosed in parentheses. The others 
have been derived from the published experimental data All the indices 
are with reference to air at the same temperature as the water. 

Damien (Da) was positive that n continues to decrease as t decreases 
below zero ; Jamin (J) stated that « is a maximum near zero, and with this 
the HP formula, resting on observations above 15 °C, agrees; see also text. 

E. V. Aubel has computed, on the basis of certain assumptions, that 
the index of refraction of water at the critical point is n = 1.102, probably 
for A = 6708A. 

It will be noticed that the values of 8 for the Ja observations exhibit 
surprising jumps at many of the places where the value of t was changed 
abruptly by several degrees 

no = value of n at t = 0, no — n = (n© — n)HP -I- 8 For example, at 
— 10 ®C P’s value for 10®(no — n) is 27, J’s is 7 ; that is, P finds n_io = 
1.33411 — 0.00027 = 1.33384, and J finds n_io = "o —0.00007 ; J does not 
assign a value to no. 


"•t Aubel, E, Physik Z, 14, 302-303 (1913) 
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Table 140 — (Contmued) 
UnitofX— lA>ilO~*em. Temp.«l*C 


Ref 

HP 

P Da 

Da 

Da 

J 


5893 D 5893 D 8563 H. 4862 

4341 Ht 

5893 D 


1J3401 1J3411 1.33225 

1J3825 

1J4155 


/ 



10*4 




Av^\Jw9 »•/«« 





-10 

(22) +5 



-15 

- 8 

(12) +4 -20 

-19 

-19 

-10 

- 6 

( 6) +1 -13 

-12 

-12 

- 7 

- 5 

( 4) 

0 



- 6 

- 4 

( 2) 

0 - 7 

- 6 

- 7 

- 4 

- 2 

( 0) 

■1 - 3 

- 2 

- 3 

- 2 

+ 2 

(0) +1 +2 

+ 3 

+ 2 

+ 3 

4 

( 7) 

0 0 

0 

0 

+ 1 

5 

(10) +1 



+ 1 

6 

(13) +2 0 

+ 1 

+ 1 

+ 1 

8 

(21) +1 + 1 

+ 11 

+ 2 

+ 2 

10 

(31) 

0 +2 

+ 5 

+ 4 

+ 1 

15 

63 

+ 2 

+ 11 

+ 4 

- 1 

20 

105 

+ 12 

+ 15 

+ 15 

- 3 

Uef •-» 

HP 

Ja 

Ja 

Ja 

Ja 


5863 D 

5791 Ha 

5770 Ha 

5461 Ha 

4358 Ha 

nm-* 

1J3401 

1.334377 

1.334348 

1J35443 

1J41218 

1 

KPCib— « i)hp 










0.03 

0.2 



+ 1.8 


3.85 

63 

- 23 

- 23 

- 19 

- 16 

5.71 

120 



- 29 

- 22 

5.76 

122 

- 32 

- 30 

- 24 

- 20 

6.55 

151 

- 37 

- 35 

- 32 

- 23 

663 

154 



- 29 

- 21 

7.88 

206 



- 32 

- 23 

8.09 

216 




- 29 

8.52 

235 

- 37 

- 35 

- 33 

- 23 

8.85 

252 

- 42 

- 44 

- 39 

- 27 

9.15 

266 

- 37 

- 36 

- 34 

- 24 

9.44 

281 



- 36 

- 28 

9.65 

292 



- 34 

- 25 

14.06 

563 

- 66 

- 63 

- 53 

- 34 

15.00 

631 

- 65 

- 62 

- 56 

- 34 

15.24 

649 



- 62 

- 42 

15.96 

703 

- 72 

- 70 

- 60 

- 50 

21.44 

1183 

-109 

-105 

- 93 

- 61 

22.19 

1256 

- 97 

- 97 

- 85 

- 48 

23.20 

1358 

-100 

- 99 

- 88 

- 50 

23.31 

1370 

- 99 

- 97 

- 85 

- 48 

24.42 

1486 

-104 

-103 

- 88 

- 51 

24.87 

1534 

-100 

- 99 

- 84 

- 45 

27.67 

1848 

-115 

-109 

- 97 

- 51 

28.16 

1905 

-126 

-114 

-104 

- 71 

28.60 

1958 

-119 

-114 

- 99 

- 51 

28.65 

1963 

-125 

-113 

-103 

- 65 

29.25 

2035 

-123 

-116 

-105 

- 49 

39.51 

3414 

- 13 

+ 2 

+ 8 

+ 61 

41.34 

3688 

- 21 

- 7 

+ 4 

+ 64 

47.45 

4654 

- 15 

- 1 

+ 13 

+ 89 

52.04 

5433 

- 22 

- 12 

+ 14 

+ 107 

62.42 

7348 

- 61 

- 57 

- 27 

+ 99 

75.95 

10165 

+ 45 

+ 38 

+ 57 

+287 

89.63 

13434 




+288 

92.25 

14109 

- 89 

- 85 

- 28 

+278 

93.53 

14451 

- 36 

- 58 


+271 
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Table 140 — (Continued) 

* References : 

D« Damien, B. C 

HP Hall, E. E, and PaTiu, A R. Pkys. Rev (2), 20, 249-258 (1922) 

J Jamia, T.*m 

^ Juae, O, Compt. rend. IM, 163-164 (1934) 

P Pulfnch, C “ 


Table 141. — Mean Temperature Coefficient of Index of 
Refraction of Water 

(See also Table 135 ) 

In the lower right-hand comer of the table are given a number of values 
for the mean coefficient betw-een 15 and 25 °C Most of them have been 
derived from the formulas by which the several observers represent their 
observations. 

The values in the rest of the table have been derived from observations, 
except those for C, HP, Ket, and R, which were computed 

At = (t 2 — ti) °C; Am = «2 — «i, Ml and «2 being the values of m at 
the temperatures t and (2 “C respectively. 


*!•* 

‘•r 

0 

20 

Unit of \ « 

20 

40 

40 

60 

- - - imAM/Ai 

Temp 

60 

80 

2145 

53 

12 8 

* -™ •" iv^un/Aii 

19 2 

22 . 8 , 

2195 

5 3. 

12 7, 

191 

22 7, 

2268 

53 

12 9, 

18 9, 

22 4 

2314 

5 3, 

12 8 

19 0 

22 7 

2429 

55 

12.8, 

18 8 

22 6, 

2574 

53 

12 7 

18 8 

22 6 

2677 

53 

12 5, 

18 6, 

22.5 

2749 

5.2, 

12 6 

18 5, 

22 3, 

3082 

50 

12 4, 

18 4 

22 1, 

3404 

49 

12 3 

18 3 

21.9, 

3613 

4 9. 

12 1, 

18 1. 

21 8 

3945 

4.7, 

12 2 

18 0, 

21.6, 

4341 

60 




4417 

4.6, 

12 1 

17 9 

21 5, 

4680 

4 5. 

12 0 

17.7, 

21.4, 

4801 

44 

11.8 

17 7, 

21.5 

4862 

60 




5340 

4.3 

11 7. 

17 6 

21 2, 

5350 

4.2, 

11 7. 

17 0, 

21.2, 

5350 

41, 

11 8, 

17.7, 

20.8 

5893 

4.2 

11 6, 

17 6, 

21 0 

5893 

42 

11.7 

17 0 

21 1 

5893 

5.2, 

12 2 

16 9, 

21.0, 

5893 

4.1 

12 0 

17.4 

21 0, 

6563 

5.8, 




6708 

4.2 

11 6 

16 9 

21 0 

6708 

3.9 

11.2, 

17.2, 

21.1 


so 

100 


24.5, 

19.7, 

24 4 

25.7, 


24.2 

218 


Ref* 


PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

Da 

PI 

PI 

PI 

Da 

PI 

Ket 

R 

PI 

Ket 

HP 

C(ICT) 

Da 

Ket 

R 
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Table 141 ~^Con<t»wf 


Ref •-* 

Eet 

R 

Ket 

R 

IS to 25 »C 

Ref • 

X-* 

T1 


^ 1 


5893 




lC8(Kf_ 



-IV&n/ht 


* r- 






10 

19.1 

20.8 

18 9 

19.6 

9.17 

HP 

15 

43.8 

41.5 

43.3 

39.1 

8.78 

Wa 

20 

65.7 

61.8 

650 

58.3 

9.12 

D 

25 

85 2 

81.6 

83.8 

77 1 

8.97 

L 

30 

102 

101 

100 

95 

90 

Wm 

40 

133 

136 

132 

130 



50 

160 

166 

158 

160 

7.93 

FI 

60 

181 

189 

180 

185 

7.89 

R 

70 

204 

205 

201 

205 

8.0 

G 

80 

221 

211 

219 

217 



90 

236 

206 

234 

221 

84 

Ket 

100 

255 

189 

251 

215 

84 

Sch 

* References : 







C Chinevcau, C , Int Cm Tablet. 7, 12-16 (1930) 

D Dufet, H, Jour de Phys (2), 4, 389-419 (1885) ♦-Bull soc mm France, 8, 171- 
304 (1885) 

Da Daanieii, B C 

FI Flatow, E 

G Gifford, J W . Proc Roy Soe (London) (A). 78, 406-409 (1907) 

HP Hall, E E , and Payne, A R , Phys Rev (2), 20, 249-258 (1922) 

J Tamm, J 

Ket Ketteler, E, Ann d Phystk (IVud ). 33, 353-381, 5 06-5 3 4 (1888) 

R Ruhimann, R , Idem (Pogg ), 132, 1-29, 177-203 (1867) 

Sch Schutt, F , Z phystk Chem , 5, 348-373 (1890) 

Wa Walter, B . Ann d Phystk (Wted ), 46 , 423-425 (1892) 

Wm Wi^emann, E, Idem (Pogg ), 158, 375-386 (1876) 


Table 142. — Variation of the Refraction of Water with the 
Temperature: Comparison of Formulas 

In the first section of the table are collected formulas that are quoted in 
one or more widely used compilations or that have been proposed recently ; 
in the second is a skeleton table comparing the values defined by those 
formulas for the D-lines (5893A) Key letters indicate the several for- 
mulas and their sources. Values beyond the range in t assigned to a 
formula arc enclosed in parentheses. 

Flatow did not give a formula ® connecting n and t, but gave five disper- 
sion formulas, one for each of the temperatures used (see Table 139.) 

Unit of 1 ^, p, nnd C — 1 cmVg, of per 1 ®C, of X — 1A*10^ cm Temp — 

I. Formulas for the variation of n with t 

Ketteler’s formula (m® — 1)(z/* — = C(1 + where a, and 

k are constants determined solely by the material, v* is the specific volume, 
and C depends upon the substance and the frequency of the radiation, is in 
disagreement with Flatow’s observations (see text), and the present com- 
piler has been unable to check Ketteler’s computations satisfactorily. Pos- 
sibly the values of v* used by Ketteler in deriving the constants, given 
below, were unsatisfactory at the higher temperatures. 

Very precise formulas based on their own observations have been pub- 
lished by L. W. Tilton and J. K. Taylor.*®'^ 

w Tilton, L W., and Taylor, J K , /. Res. Nat Bur Stand , 20, 419-477 (RF108S) (1938). 
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Table 142 — (Continued) 

Other formulas are of the type 10®(« — »o) = at + bfi + cfi + dt*. 


Keir* 

10>a 

IVb 

lOfe 

IIM 

Range in t 

X 

Basts* 

C» 

- 12 4 

- 199.3 

0 

+5. 

0 to 80 

(D)5893 

Air, t 

D 

- 125.5 

-206 4 

+4.35 

+115 

1 to 50 

(D)5893 

Air, R 

HP* 

-66. 

-262 

+ 181.7 

-7.55 

15 to 100 

(D)5893 

Air, 20 

J 

- 125.73 

- 192.9 

0 

0 

0 to 30 

(D)5893 

Vac 

Lo 

+0.76 

-280J 

+213.4 

0 


(D)5893 

Vac 

P* 

-83. 

-295. 

+640 

0 

- 10 to 10 

(D)5893 

Air, t 

w 

-200 

-290.5 

0 

+5 00 


(D)5893 


R 

0 

-201.4 

0 

+4 936 

0 to 92 

(D)5893 

Air, 9 

Wa 

-120. 

-205. 

+50. 

0 

0 to 30 

(D)5893 

Air, R(7) 

Lo 

+9.52 

-279.3 

+ 213 4 

0 

0 to 30 

(Li)6708 

Au, R(?) 

R 

0 

-196 6 

0 

+4 600 

0to92 

(Li)6708 

Air, 9 

R 

0 

-209.0 

0 

+6 046 

0to92 

(T1)S350 

Air, 9 

O 

- 118 73 

-207.09 

+ 7.92 

+ 10.939 

2 to 38 

(Hg)5461 

Vac 

Keys 

IWa 

10^9 

10^ 

l»k 

Range in t 

X 

Basis* 

Ket 

246 

20271 

61574 

2290 

0 to 100 

(Li)6708 

Vac 

Ket 

246 

20271 

62035 

2290 

0 to 100 

(D)5893 

Vac 

Ket 

246 

20271 

62439 

2290 

0 to 100 

(Tl)5350 

Vac 

II. 

(D) 

= 5893A; 

Comparison of formulas 




For simplicity, all formulas have been compared with the most recent 
one (HP) ; 10® («o — »t) is given for the HP formula, and that plus 8 is 
the corresponding quantity for the other indicated formula; (no — nt)ne = 
(no — nt),ir + 10"®A ; the tabulated values of A have been derived from 
Table 136. 


Re£« HP Wa D J P 

Date 1922 1892 1885 1856 1888 

Basis® Air, 20 Air, R Air, R Vac Air, t 


I 10*(ii«— «<) r- 


-10 

-5 

+5 

10 

15 

20 

25 

30 

40 

50 

60 

70 


( 22 ) 

(4) 

( 10 ) 

(31) 

63 

105 

155 

213 

349 

509 

688 

887 


1 

1 

-1 

-3 

-4 

-6 

(- 5 ) 


1 

2 

1 

1 

0 

0 

0 

-7 

(-28) 


1 

1 

-1 

-2 

-3 

( + 10 ) 


80 1109 
90 1352 
100 1624 

• References : 


Lo 

1880 

Vac 


6 

0 

1 

0 

(- 6 ) 


C 

1930 
Air, t 


R Ket 
1867 1880 

Air, 9 Vac 


-3 

-5 

-7 

-10 

-13 

-18 

(-37) 


c 

D 

HP 

Lo 

O 

P 

R 

Wa 


Same as Table 141. 

Same as Table 141 
Same as Table 141 
Jamin, J‘'* 

Kettcaer, E., Am d Phynk (IVted ). 33, 

Lorens, L.“’ 

Osborn, F. A , Phyj. Rev (2). 1, 198-210 (1913). 

Ftdfnd, C."* 

Rfihlmann, R, .4«ii d. Phynk (Pogg ), 13L 1-29, 177-203 (1867) 
Walter. B. Id^ (fVttd ), 4«, 423-425 (1892). ” ' 


-4 

-5 

-7 

-1.5 

-0.8 

+0.7 

-10 

-10 

-12 

1.4 

-17 

-18 

-17 

20 

-23 

-25 

-20 

2.7 

-29 

-31 

-25 

33 

-34 

-35 

-28 

3.9 

-37 

-38 

-31 

5.0 

-35 

-36 

-32 

6.1 

-28 

-27 

-30 

7.2 

-22 

-19 

-27 

8 1 

-28 

-22 

-28 

9.1 

(-55) 

-45 

-37 

99 


(-104) 

-56 

10 8 

81, 506-534 (1888) 
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Table 142 — (Continued) 

* Basis : (Air, t), (Air, 9), (Air, R), etc., and (Vac) indicate that the associated n 
is that with reference to air at die temperature (0 of the water, at 9*0, at room 
temperature, etc., and with reference to vacuum, respectively. Quite frequently 
observers and compilers state that a value of n refers to “air at the same temfMrature 
(Air, t) when it actually refers to air at room temperature (Air, R) (see citations 
R and HP). Here the basis is given as (Air, R) unless there is definite evidence 
that it is some other. In all cases, the pressure of the air of reference is 1 atm. 

The difference (ne — Mt) when referred to vacuum (Vac) exceeds its value when 
referred to air at a fixed temperature (Air, R; Air, 9; Air, 20) by only 3 parts in 
10000, an amount that is negligible when, as here, the index is not carried beyond 
the fifth place of decimals. But when the index is with reference to air at the same 
(varied) temperature as the water (Air, l), then the value of (fh — nt) for (Vac) 
does, in general, differ significantly from that for (Air, 0> 

*The original source of this formula (C), given in Ch£neveau*s compilation, has 
not been ascertained The Landolt-Bomstein Tabellen attributes it to F. F. Martens, 
who prepared diat section of the Tabellen, and states that it is based on Flatow’s obser- 
vations, but it is not given in any of Martens’ papers that have come to the attention 
of the compiler 

* In their synopsis, the authors state that the values of n when referred to vacuum 
are represented by the formula ; u = 1 33401 — 10"*(66/ -h 26j2/* — 0.1817<*-f 0 0007SSf*) , 
but in reality that formula, which agrees with die one here given, reproduces their 
values as referred to air, and given in their Table II; it does not reproduce their 
vacuum values, given in Table IV 

* This formula seems to have been derived by H Dufet " from the observations 
of Pulfrich. 

^The Landolt-Bomstein Tabellen attributes this formula to F. F. Martens, who 
prepared that section of the Tabellen, and states that it is based on the data of 
Pulfrich, but it does not satisfactorily represent those data and has not been found in 
Martens' papers. It does not appear elsewhere in this compilation, and is not used in 
the following sections of this table 


Table 143. — Temperature Gradient of the Index of Refraction 

of Water 

(See also Table 135.) 

In the first section, the values of dn/dt for A = 5893A are given as 
derived from the several formulas listed in Table 142 ; the key symbols are 
the same in both tables. In the second, experimental values for 20 °C and 
various A’s are given. 

If n is with reference to air at a fixed temperature (Air, R; Air, 9; 
Air, 20'), then dn/dt has essentially the same value (within 3 parts m 
10000) as if n had been referred to a vacuum; such is not the case if n is 
with reference to air at the same (varied) temperature as the water 
(Air, #). 

For A = 12 6 to 24 cm, M. Seeberger*®^* has concluded that — IQPdn/dt = 
16oo. essentially independent of A and of the temperature throughout the 
range 16 to 70 ° C. 


Seebeiger, M., Ann d Phyni (S). U, 77-99 <1933). 
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Table 143 — (Continued) 

I. Temperature gradient as derived from formulas. A = S893A(D). 
- l(y>dn/dt = - l(fi(dn/dt)Bv + 8 Temp. = t °C. 


BftniM 

1 

HP 

Air. 20 
— VPdn/dl 

Wa 

Air. R 

D 

Air, X 

Vac 

P 

Ab, t 

tnnii _ 

Lo 

Vac 

C 

Air, f 

R 

Air, 9 

-10 

(-5.12) 

(+207) 

(+99) 

( + 252) 

-186 

(-113) 

( + 134) 

( + 111) 

-5 

(-2.10) 

(+121) 

(+97) 

( + 143) 

-SO 

( -87) 

(+23) 

(+9) 

0 

(+0.66) 

+54 

+60 

+60 

+ 17 

-Cl 

-54 

-66 

+S 

(3.15) 

+ 6 

+ 16 

+4 

+ 1S 

-52 

-103 

-114 

10 

(5J8) 

-23 

-6 

-26 

-57 

-42 

-129 

-137 

IS 

740 

-39 

-14 

-36 

(-204) 

-44 

-136 

-142 

20 

9 20 

-40 

-11 

-23 


-56 

-126 

-130 

25 

10.82 

-31 

-4 

+ 8 


-81 

-104 

-106 

30 

12.29 

-14 

-1 

+54 


-124 

-75 

-74 

40 

14.83 

(+37) 

-21 

( + 186) 


(-266) 

-4 

+2 

50 

17.01 


-119 


' 


+54 

+ 66 

60 

19 00 


(-338) 




+ 72 

+90 

70 

20 99 






+ 18 

+43 

80 

23.16 






-139 

-104 

90 

25.68 






(-426) 

-382 

too 

28 75 







-821 

1 

1— 1 

Experimental values at 20 “C 





X 


1862 

1930 

1988 

1990 

2144 

2144 

5893A 

- VPdn dl 

8.2 

93 

6.9 

10 S 

8 9* 

7.2 

80 

Basis^ 


Air, 20 

Air, 20 

Air, IS 

Air, 20 

Air, 20 

Air, IS 

Air, IS 

Ref.<* 


DJ 

DJ 

G 

DJ 

DJ 

G 

G 


• As in Table 142 

‘ Basis of reference, see Table 142. 

• This value is attributed bv DJ to E Flatow DJ conclude that -dn/dt passes 
through a maximuni near X = 2000A. 

• References . 

DJ Duclaux, J , and Jeantet, P 

G Gifford, J W, Proc Roy Soc (London) (A), 78, 406-409 (1907) 


Table 144. — Variation of the Refraction of Water with the Pressure 

A s (nj — ni)/(p 2 — pi) ; dn/dp = a — bp 

G. Quincke^*® did not accept Zehnder’s values (see below), believing 
that his own observations indicated that when the temperature is con- 
stant, then (n — l)/p is a constant, p being the density. 

For effect of pressure on dielectric constant see Table 176 and accom- 
panying text. 

Umt of A and of a - 10-* par atm . of 6 - lO"* par atm*. ofl-lA-10-*cm. Temp - 1 “C 

I D-lines, k = 5893. Pressure not exceeding 4 atm. 

Mascart found A = 15.2 at 15 °C, and 161 at55®C 

The following observations (Aob,) from L Zehnder are closely repro- 
duced by A* = 16.84 - 0.129/ + 0 0022/*. 

*•• Quincke, G , Ann d Physth (Wud ), 44, 774-777 (1891) 

Quincke, G, Idem, 19, 401-435 (1883). 

4**tfaacaTt, Compt rend, TS, 801-805 (1874) 

*“ Zehnder, L., Atm. d Physik (Wted ), 34, 91-121 (1888). 
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Table 144 — (Contmued) 



1 

Aeta 

A. 

< 

Aoba 

A. 

-0.78 

16.91 

16 94 

4.95 

16.26 

16.26 

0.00 

16 82 

16 84 

8 95 

15.87 

15.86 

-1-0 06 

16.85 

16 83 

900 

15 91 

15 86 

0.42 

16.78 

16.79 

13.05 

15 55 

15.53 

1.05 

16 69 

16 71 

13 28 

15.56 

15 52 

2 62 

16 51 

16 52 

17.83 

15.25 

15 24 

2.67 

16.53 

16.51 

18.01 

15 25 

15.23 

2 92 

16.48 

16 48 

18 03 

15 25 

15.23 

3.10 

16 44 

16 46 

23 27 

14.98 

15.03 


II. Various wave-lengths. 


Low pressures, 18 °C RZ* 

Pressures up to 1800 kg/cm*. 25 

•C PR* 

X A 

X 

a 

b 

4861 15 40 

4060 

15 02 

0 003182 

6807 15 16 

4360 

14 65 

0.002700< 


5460 

14 75 

0 003132 


5790 

14 56 

0.002990 

References • 





PR Poindexter, F E , and Rosen. J S , Phyt Rev (2), 45, 760 (A) (1934) 

RZ Rontgen, W. C, and Zehnder, L. , Ann d. Phystk (IVted ), 44, 24-51 (1891) 

*This value accords with the published coefficient, but seems strangely out of 
line with the others. 


Table 145. — Refraction of Natural Waters 


n = ti„ + A, being the index for pure water at the same temperature 
and for the same wave-length , salt content = j g per kg of sea-water. 

C Cheneveau ® gives the following values for 20 °C and the D-lines : 


10>d 

City water. Pans 4 

River Seine 5 

Water saturated with COj at 1 atm —3 

Mediterranean Sea 400 


The last seems to be entirely too small ; see below 

Unit of dn/di^l0“* per 1 *C, of g salt per leg sea>water, of lA— 10“*cm 


— Sea-water — ■■ ■ 

J. W. Gifford (1907)- SS (1889)® ^O. Krummel*-^ 

M^itOTanean Sea 


X 

15" C 

10>A 

-dn/dl 

20° 

X 

c 

10*A 

D-lme 

s 

;18 °C 

10*<nt— n») 

7682 4 K 

647 


(A) 7608 

697 

5 

97 

7065 6 He 

645 


(B) 6870 

691 

10 

194 

6563.0 H 

650 


(C) 6563 

696 

15 

290 

5893 2 Na 

653 

78 5 

(D) 5893 

706 

20 

386 

5607 1 Pb 

664 


(F) 4862 

719 

25 

482 

5270.1 Pe 

665 


Ch) 4102 

739 

30 

577 

4861.5 H 

676 


(H) 3969 

756 

35 

673 

4678 4 Cd 
4340 7 H 

3961.7 A1 

2748.7 Cd 
2265.1 (M 
2194.4 Cd 

680 

691 

698 

819 

979 

Abs* 

74.7 

75.8 

• 

0 00085 

40 

769 
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Table 14S — (Continued) 

• References : 

CUneveau, C, Int Cnt Tcbltt. 7, 12-16 (13) (1930) from observations by Dufet. H, 
Bii«. Sec. Mmi. France. 8. 171-304 (1885); Soret, J L, and Sarasin, E, Compt, rend. 
108, 1248-1249 (1889) 

Gifford, J. W.. Free. Roy. See. (London) (A), 78, 406-409 (1907). 

Krammel, O."o 

SS Soret, J. L, and Saraam, E., Compt rend. 108, 1248-1249 (1889) quoted by Krunund. 

* Strong absorption for X ^ 2194 4A. 


38. Reflecttion of Light by Water 

When light strikes a boundary separating two media of different 
refractivities, some of it is specailarly reflected, some is scattered (non- 
specularly reflected), and the remainder enters the second medium. The 
amount that is specularly reflected depends upon both the angle of inci- 
dence (t) and the polarization of the incident light. Unless t = 0, the 
reflected light is partially plane-polarized even when the incident light is 
not, for the component that has its electric vector perpendicular to the plane 
of incidence (i.e., that is polarized in the plane of incidence) is more 
strongly reflected than the other. As i increases from 0 to 90“ , the ratio 
of the reflectivities of the two components passes through a maximum. The 
angle at which this occurs is known as the Brewstenan angle and is given 
by the relation tan » = «. At that angle the reflected light is almost com- 
pletely plane-polarized, the reflectivity of the weaker component, in the 
case of an air-water surface, being only a few ten-thousandths of that of 
the stronger , C. V. Raman and L. A. Ramdas found for that ratio 
75 X 10"®, while Rayleigh '*'** found 42 X 10'®. From their own measure- 
ments, Raman and Ramdas computed that the thickness of the transition 
layer in which the index changes from tliat of air in bulk to that of water 
in bulk is of the order of 5 X lO"® cm ; the (hameter of a water molecule, as 
calculated from viscosity data, is about 26 X 10'® cm. 

The reflectivity (R) is defined by the ratio R = Ir/U where It and 
are the intensities of the incident and of the specularly reflected light, 
respectively. If the medium is transparent (both absorption and scattering 

sm*(* — r) 

negligible), the reflectivity is R, = , if the incident light is 

sm‘(» -Hr) “ 

plane-polarized in the plane of incidence (electric vector parallel to the 

tan®(i - r) 

reflecting surface) ; and R, = if it is plane-polarized normal 

to the plane of incidence ; i is the angle of incidence and r that of refraction 
If the incident light is unpolarized, the reflectivity is half the sum of t bfs** 
two expressions. As the index of refraction of the second with 

«*Siinui, C. V., and Ramdas, L A. Phil Map (7). 3, 220-223 (1927). 

“•Lord Rayleigh, Phil Map. (5), 33, 1-19 (1892) -“ColIecUd Works," Vol 3, pp. 496-512, 1902. 
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reference to the first is « = sin i/sm r, these expressions may be put in 
the form : 

_ [V”"* — sin“* — cosi]'-* {n^ cos % — — sin“ 

jvp — ' 3ilu 

[V”"^ ~ sin“ » + cos i]® cos i + y/n^ — sm'^ ij ^ 

If 1 = 0, /?, = /?„= (n — l)V(n + 1)®. Throughout the visible spec- 
trum the transparency of water is such that R for it can be satisfactorily 
computed by means of these formulas. For experimentally determined 
values of R see Table 146. 

The scattering (non-specular reflection) of light by a free liquid surface 
probably arises from the roughening of the surface by the thermal agitation 
of the molecules. The higher the surface tension and the more nearly 



Figure 4. Reflection of X-rays by Water. 

Adapted from H. Steps, Ann. d. Phynk (S), 949-972 (1933).] 

Radiation used was the X« of Cu (^ = 1 539A) , R = reflectivity, 90° - <i anele of inci- 
dence, unit = 0 001 radian = 0.057° = 3 44'. * c oi me 


equal are the indices of refraction of the adjacent fluids, the less the scatter- 
ing. The observed ratio of the intensity of the light scattered by an air- 
water surface at room temperature to that scattered by plaster of Paris 
varies from 3 X lO"® to 8 X lO"®,®®® 

V. E. Shelford and F. W. Gail ®®® have reported that in calm, clear 
weather between 10 a.m. and 2 p.m. about 25 per cent of the light from the 


v* Ramd^ L. A., Proc. Roy. Soc. (London) (A), lOt, 150-157, 272-279 
(1925). See alto Ramdas, L A., Indton 3. Phyt . 1, 199-234 (1927). 

Shelford, V, E , and Gail, F. W., PubI Puget Sound Btol. Sto., 3, 141-176 (1922). 
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Table 146. — ^Reflectivity of Water 

Observed values for unpolarized light. For the reflectivity of 
polarized light, see remarks in text; of x-rays, see Fig. 4. 

Except as noted, the data have been taken from E. P T. Tyndall’s 
compilation based on data obtained by A. K Angstrom, K. Brieger,^*® 
F. Gehrts,**® H Rubens,*®* H. Rubens and E. Ladenburg *®® 

More recent data obtained by M. Weingeroff *®* and published as a 
small scale curve covering the range \ = ll/ito\ = 17 ju essentially agree 
with these except at the longer wave-lengths, where he finds a somewhat 
smaller reflectivity. 

R = Ir/h, where U and /, are the intensities of the incident and the 
reflected light, respectively ; i is angle of incidence ; Am»x =■ wave-length at 
which R passes through a maximum 
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Table 146 — (Continued) 

Effect of temperature; normal incidence Unit ofX»li>>-10~<cm Temp < °C 

i-* 0 20 30 

X , lOOJt , 

117 118 12.7 13 2 

310 14.9 15.1 17.1 

* References : 

BM Barnes, R B, and Matossi, F, F Physik, 76, 24-37 (1932) 

MBl Matossi, F , and Bluschke, Idem, 104, 580-583 (1937) See also Matossi, F , and 
Fesser, H., Idem, 96, 12-28 (1935) 

Re Reinkober, O . Idem, 35, 179-192 (1926) 

RL Rubens, H, and Ladenburg, £, Verh pkystk Ges , 10, 226-227 (1908). 

* Calculated from n 

” R Rubens ♦ : previously, he and H. Hollnagrel t had found for the residual rays 
from KBr (X = 74 to 88 m) lOOJ? =96 at 19 °C, R for silver being taken as unity. 
' C H Cartwright and J Errara t 

* H Rubens and R W Wood § 

D Tear,** radiation was plane-polarized with the electric vector in the plane 
of incidence ; i = 8“ 20' 


Table 147.— Albedo of Water 

By definition, the albedo of a plane surface is A = Fr/Fi where Fr is 
the total luminous flux reflected by the surface when uniformly illuminated 
by white light, the total luminous flux incident on the surface being F< 
The following values were taken from an airplane at altitude H, and in 
some cases the reflected light passed through one or other of two color 
filters described simply as “green” and “red,” respectively. 


Unit of H- 1 ft-O 3048mt of A - 10-* 


Filter-s 

H 

None 

Green 

Red 

^ Remarks 






— Chesapeake Bay — 



2000 

97 



Smooth 

2000 

38* 

47 

35 

Well out 

3000 

36 

40 

45 

Well out 


, 

— Potomac River — 

■ 


10 to 20 

69 

55 

104 




— Patuxent River — 



2000 

55 




3000 

64 





* At Buzzards Bay, W. M Powell and G L Clarke " found /I = 3 to 4 per cent. 


"Rubens, R, Siteb prcusj Akad Wise (Berhn) (Phyj -Math ), 1915, 4-20 (1915) 
t Rubens, R, and Hollnagel, H, Ber physik Ges, 12, 83-98 (1910) 

t Cartwright, C H, and Frrera, J, Proc Boy Sor (London), (A), 154, 138-157 (1936), Acta 
Physteoehtm. URSS. 3, 649-684 (193S)-»Cartwrigbt, C H, Bature, 135, 872 (L) (1935) 

{Rubens, H, and Wood, R W, Verb physik Ges, 13, 88-100 (1911) 

•"Tear, J D, Phys Rev (2), 21, 611-622 (1923) 

«»Hulburt, F- O, / Opt ioc Amrr , 24, 35-42 (1934) 

<«Weniger, W, 7 Opt Soc Amer , 7, 517-527 (1923) 

"IB Schaefer, C , and Matossi, F , “Das Ultrarotc Spcktrum,” Berlin, J Springer, 1930 
"Korff, S A, and Breit, G, Rev Mod Phvs , 4, 471-503 (1932) 

"» Tyndall, E P T , Tnt Crit Tables, 5, 258-259 (1929) 

Angstrom, A K , Phys Rev (2), 3, 47-55 (1914) 

*“ Brieger, K , Ann d Physik (4), 57, 287-320 (1918). 

"••Gelirts, F, Idem, 47, 1059-1088 (1915). 
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sky is reflected by the surface of the sea; and E. O. Hulburt has found 
that, when the sky is clear, the brightness of the rim of the sea is 25 per 
cent of that of the sky near the horizon, the surface of the sea bei^ ruffled 
by a breeze of 5 to 25 knots, under which condition, “The reflecting facets 
of the sea which are visible to the observer are tilted up on an average 
of 15“ from the horizontal.” He defines the rim of the sea as the surface 
Ijring between the horizon and a line of sight making an angle of 3“ with 
the surface of the sea. 

For reviews and summaries see W. Weniger,®*^ C. Schaefer and 
F. Matossi.«« S. R. Korff and G Breit®" 

39. Luminescence of Water 

Luminescence may be excited in water by various means: by light, 
x-rays, and gamma rays, by bombardment with electrons and beta rays, 
and by mechanical shock. These will be considered in the order named, 
after certain terms have been defined and certain general characteristics of 
the several types of luminescence excited by light have been briefly con- 
sidered. 

Types of Luminescence. Definitions and General Characteristics. 

When a beam of light is passed through a medium, the medium 
becomes luminous, emitting light even at right angles to the incident 
beam. This luminescence may be very faint, and is observed most satis- 
factorily in a direction at right angles to the incident beam It is usually 
partially polarized, even when the exciting light is unpolarized. The 
intensity of the component polarized in a given plane varies with the 
orientation of that plane about the line of sight, passing through a maxi- 
mum (/,) and a minimum (/„) The ratio p = /„//, is called the depolar- 
ization factor, and A = 2/„/(/«, -h I,) s2p/(l + p) is called the depolar- 
ization. These two quantities should not be confused. 

Four distinct types of such luminescence are recognized Fluorescence 
and phosphorescence, Tyndall scattering, Rayleigh scattering, and Raman 
scattering. 

Fluorescence and Phosphorescence. — Phosphorescence being merely 
long-lived fluorescence, the latter, and shorter, term will be used for both. 
Fluorescence differs from other types of luminescence in that the spectrum 
of its light depends solely upon the medium, and m that the light is not 
polarized except as polarization may be imposed upon it by the incident 
radiation. But any specified portion of the spectrum of the fluorescent 
light may appear only under certain conditions ; e.g , only when the exciter 
contains frequendes lying within a certain range, or exceeding a certain 

Rubens, H, Vtrh pkysili Ccs . 17, 31S-335 (1915). 

‘“Rnbens, H, nod Lndcnburg, E, Idem, It, 16-27 (1909); Site prcus Akad Wtee. 1908, 274- 
2S4 (1908) 

<»Wnngeroff. M, Z Physik, 70, 104-108 (IPJDo 

atRinbslI, H R, uid Hand, I F., Monthly leather Rev. S8, 280-281 (1930) 

••Powd!, W M., and Clarity G L, 7 Opt See. Amer.. 26, 111-120 (1936). 
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value, or contains corpuscles having a kinetic energy exceeding a certain 
value. 

Tyndall Scattering . — If small foreign particles are distributed through- 
out the medium, they will scatter the light by reflection and diffraction. 
The spectrum of the light so scattered (Tyndall scattering) is the same as 
that of the incident light as modified by the color of the scattering particles. 
If they are colorless, the ratio of the intensity of the scattered to that of 
the incident light varies continuously throughout the spectrum, the rate of 
variation at any place depending upon the size of the particles, as well as 
upon the wave-length. If the particles are very sm^l, the ratio varies 
inversely as the fourth power of the wave-length of the light, making the 
scattered light much bluer than the incident. If the incident light is 
unpolarized, the light so scattered at right angles to the incident beam will 
be completely plane-polarized in the plane of scattering (the electric vector 
being normal to that plane) if the particles are spherical and isotropic; 
otherwise, the polarization will not be complete."® 

Rayleigh Scattering . — ^An exactly analogous scattering by pure, dust- 
free gases was predicted by Lord Rayleigh and has been observed. It 
arises from the scattering by the molecules themselves, which here play 
exactly the same part as is played by the foreign particles in the Tyndall 
scattering. It is but a step to extend the same idea to liquids and solids, 
but in them the molecules are so closely packed that they cannot satisfac- 
torily play the part of foreign particles. Nevertheless, liquids and solids 
do exhibit exactly this same type of scattering, the scattering “particles” 
m them being the slight variations from point to point, and from instant to 
instant, in the number of molecules per unit of volume, these variations 
arising from the thermal agitation of the molecules."^ Somewhat similar 
variations in the concentration of the primary molecules (H2O) may arise 
from the temporary association of these molecules into rather large groups, 
as suggested by H. Schade and H. Lohfert^®® and by G. W. Stewart,"® 
who uses the adjective cybotactic to describe such a condition of association. 
It would seem that such groups also might act as scattering particles. 

Scattering of this type by pure, dust-free media, whether liquid, solid, 
or gas, will be called Rayleigh scattering. To the light so scattered applies 
everything that has been said about Tyndall scattered light, except that the 
scattered light will never be completely polarized if there is interaction 
between the scattering units, no matter how nearly isotropic the units may 
be."* Each type of scattering — Tyndall and Rayleigh — is frequently called 
by either name. 


"See Strutt, J W. (later. Lord Rayleigh), FM. Mat. (4). 41, 107-120, 274-279 (1871); 41, 
447-457 (1871). Lord Rayleigh, Idem (3). 12, 18-101 (1881); (6), 35, 373-381 (1918). 

"Lord Rayleigh, PM. Mat (3), 47, 375-384 (1899). 

"See T Smoluchowtkl, H, Ann. d. Phyak (4), 25, 205-226 (1908); Emstein, A, Ann. d. 
Phynk (4), 33, 1275-1298 0910) ; Raman, C. V., Proe. Roy. See. (London) (A). 101, 64-80 (1922). 
" Schade. H , and Lohfert, H.. KolMd Z., 51, 65-71 (1930). 

"Stewart, G. W., Phys. Rtv. (2), 35, 726-732 -* 1426 (A) (1930). 

" Cabannei, J , Jour da pkya. (6), 3, 429-442 (1922). 

"Cabannes, J, and Daure, P, Compt. rand., 18^ 1533-1534 (1928). 
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In 1928 J. Cabannes and P. Daure announced that the radiation in 
the Rayleigh scattered light appeared to have a slightly lower frequency 
(displacement of about 0.01 A toward the red), and tliat the line appeared 
broader than in the incident light and was superposed on a rather sharply 
limited continuous background, the whole having the appearance of a winged 
line. This last is sometimes referred to as the Cabannes-Daure effect. The 
work was continued by J. Cabannes and P Salvaire,'**® J. Cabannes,'*®^ and 
others ; and more recently by W Ramni,^®® who found that when the inci- 
dent radiation is truly monochromatic the scattered line is a symmetrical 
triplet, of which the central line has, within experimental error, the same 
frequency as the incident radiation All three components of the triplet 
are of about the same intensity, and the spacing agrees well with that called 
for by L. Brillouin’s theory of scattering ■*““ The triplet rests on a con- 
tinuous background, as Cabannes observed Rainm found only the triplet, 
no indication of any series of lines such as had been reported by E Gross 
and thought by him to be required by P Debye’s theory Ramm’s con- 
clusions rest on his study of the radiation that is scattered backward 
(turned 180° with reference to the incident light). Cabannes*®'* has 
reported that the continuous background is almost completely depolarized 

In addition to those already mentioned, the theory and interpretation of 
such molecular scattering liave been discussed by Y Rocard,**® A Bogros 
and Y. Rocard,**® J Cabannes and Y. Rocard,*’* W. Ramm,*®* and 
A Rousset**® 

Raman Scattering — In the preceding cases, the spectrum of the scat- 
tered light was determined either solely by the medium or solely by the 
incident light as modified by the color of the scattering particles But 
C. V. Raman *'*® observed tliat the spectrum of the scattered light contains 
lines that are foreign to the spectrum both of the incident light and of the 
medium. The scattering that gives rise to these lines is known as the 
Raman scattering — sometimes in Germany as the Smekal-Raman scatter- 
ing, A Smekal *** having shown theoretically m a letter on another subject, 
that a scattering of this type is demanded by the quantum theory. See 
also Y Rocard **® 

On the quantum theory, whidi accounts fairly well for the observed 
phenomena, when a quantum of radiation of frequency cr, strikes an atom 

"•Cabannes, J, and Salvaire, P, Compt md , 18S, 907-908 (1929) 

•"Cabannes, J, Idem, 191, 11Z3-1125 (1930) 

•“Rarnm, W, Physik Z, 35, 750-773 (1934) 

•» Bnllouin, L , Ann dc Phys (9), 17, 88-122 (1922) 

•™ Gross, E, Nttiurmstcmchaflen, 18, 718 (L) (1930) 

•" Debye, P , Ann d Pkysik (4), 39, 789-839 (1912) 

•« Rocard, Y, Ann de Pkys (10), 10, 116-179, 181-231, 472-488 (1928) 

•™ Bogros, A, and Rocard, Y, Jour do Pkys (6), 10, 72-77 (1929) 

•’* Cabannes, J , and Rocard, Y , Idem, 10, 52-71 (1929) 

•“Roussel, A, Jour de Pkys, (7), 6, 507-515 (1935), Ann de Pkys (11), 5, 5-135 (1936). 
•“Raman, C V, Indian J Pkys, 2, 387-398 (1928) 

•" Smekal, A , Natnrunssensekaften, 11, 873-875 (L) (1923), 

<“ Rocard, Y, Compt rend. 185, 1107-1109 (1928) 
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or an aggregation of atoms, there may be a transfer of a quantum of radia- 
tion of frequency cve characteristic of the atom or aggregation. The trans- 
fer may occur in either direction, and cve may be any of the characteristic 
frequencies of the material. Hence the scattered radiation will contain the 
additional frequencies c(vj -f- iv) and c{vi — vo), there being as many v<,’s 
as there are frequencies characteristic of the material, and as many v/s as 
there are frequencies in the incident radiation The complete set of addi- 
tional frequencies attendant upon any one incident frequency (cv<) is 
characterized by a definite set of frequency differences (cSv), the same for 
every cvi This set of frequency differences is called the Raman spectrum 
of the medium It consists of two parts. In one, called the antistokes 
Raman spectrum, the actual frequencies exceed cvi ; in the other, the stokes 
Raman spectrum, they are smaller than cvt Only those atoms and aggre- 
gations that are suitably excited can contribute to the first; whereas any 
that are unexcited may contribute to the second. Hence the stokes fre- 
quencies will be much the stronger, unless the medium is subjected to some 
definitely exciting action Throughout the preceding, c = velocity of light, 
i<( = 1/A) = wave-number, A = wave-length of the radiation correspond- 
ing to the frequency cp. 

The relative intensities of the lines m either part — stokes or antistokes — 
of the Raman spectrum vary widely Those corresponding to the funda- 
mental frequencies of the medium are, in general, much stronger than those 
corresponding to the combination frequencies On account of their low 
intensities, the Raman lines can be satisfactorily observed only in the later- 
ally scattered radiation ; they may be only partially plane-polarized, the 
amount of polarization varying from line to line. The appearance of a line, 
and its position, may vary with the temperature, and be changed by the 
addition of a solute. 

Although the quantum theory accounts fairly well for the observed phe- 
nomena. it does not enable one to predict the Raman spectrum with cer- 
tainty The observed frequency differences seldom coincide exactly with 
the frequencies in the absorption spectrum ; some are not represented in the 
absorption spectrum, and some of the frequencies found in that are not 
represented in the Raman spectrum Nevertheless, the Raman effect 
enables one to obtain from studies in the visible and in the near ultraviolet 
spectrum much information regarding those characteristic vibrations that 
would otherwise have to be studied in the infrared, where observations are 
much more difficult Therein lies one reason for the importance that is 
attached to the study of Raman spectra*™ Bibliographies are published 
from time to time in the Indian Journal of Physics, and the status of the 
entire subject in 1931 has been set forth and discussed by K. W F Kohl- 
rausch.*®® 

See also, Raman, C V, Indian J Phyt , ^ 263-273 (1931), Raman, C V, and Knshnan, 
K. S, Idem, 2, 399-419 (1928), Ganesan, A. S, and Venkateswaran, S, Idem, 4, 195-280 (1929), 
Bhagavantam, S, Idem, 5» 237-307 (1930). 

^ Kohlrauach, K W F , *<Der Smekal-Raaan EfFekt,*' Springer, Berlin, 1931 
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Electron and fi-ray Luminescence — See page 317 

Mechanical Luminescence. — See page 317. 

Fluorescence of Water. 

When water is subjected to gamma-rays from radium, it emits a white 
luminescence that is visible to the dark-adapted eye, and that is more 
strongly absorbed by 1 mm of glass than by 5 mm of either quartz or rock 
salt. The spectrum of this luminescence is continuous throughout the range 
covered by observations (visible spectrum and ultraviolet to X = 2500A), 
and probably extends to the shortest wave-length unabsorbed by water. 
It is richer in the short waves than is the radiation from a 0 S-watt incan- 
descent electric lamp.**^ 

P. A. Cerenkov (also spelled Tscherenkow)^®® has reported (1934) tjjiat 
the luminescence excited in water by y-rays is partially polarized, the elec- 
tric vector lying parallel to the line of propagation of the incident radiation, 
and is not reduced by the common quenchers of fluorescence (KI, AgNOg, 
nitrobenzene) , nor by heating to lOO °C. He has reported ( 1936) effects 
produced by a strong magnetic field, and has concluded (1937) that the 
luminescence arises from the action of the Compton electrons freed by the 
y-rays, as was suggested by S Wawilow,**® and not by the y-rays them- 
selves. See also p. 317. 

Irradiating water by x-rays gave rise to no luminescence (Cerenkov; 
1934). 

In 1925, K. S Krishnan concluded that when a beam of light is 
passed through water the laterally scattered light contains fluorescent radia- 
tion ; and Y. Rocard came to the same conclusion. The latter decided 
that this fluorescence is not due to (H 20 )n molecules, but probably to the 
presence of glass dissolved from the container. 

S. J. Wawilow and L A. Tummermann *** have found that the fluores- 
cence of water, which they describe as blue, is reduced very little if at all by 
boiling, but repeated distillation in quartz completely destroys it. Bubbling 
of either air or COg through doubly distilled water increases the intensity 
of the fluorescence, but the bubbling of oxygen does not. This "fluores- 
cence" may include the scattered light also. 

A. Carrelli, P. Pringshcim, and B Rosen have stated that Berlin city 
water excited by X = 3650A exhibits a rather strong blue-violet fluorescence 
consisting of a very broad, ill-defined, continuous spectral band The same 
fluorescence of essentially the same intensity was obtained with Kahlbaum’s 
distilled water, but was almost absent from his conductivity water. 

«« Mallet, L. Cem/it rend, 183, 274-275 (1926), 187, 222-223 (1928), 188, 445-447 (1929) 

»• Cerenkov, P A (also spelled Tschcrenkow). Compt rend Acad Set VRSS (N. S ) 1934 . 
455-457 (1934), 12, 413-416 (1936), 14, 101-105 (1937) i«. J A 

« Wawilow, S, Idem. 1934» 459-461 (1934) 

W Krishn in, K , Fhtl Mag (6), SO, 697-715 (1925) 

SS3 Rocard. Y . Compt rend , 180, 52-53 (1925). 

"• Wawilow, S J , and Tummermann, L A , Z Phynk, 54, 270-276 (1929) 

Carrelli, A, Pringaheim, iP., and Rosen, K, Z Phynk, SI, 511-519 (1928) 
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The interpretation o£ observations purporting to measure the amount of 
fluorescence excited in water by the optical spectrum is diflicult. The radi- 
ation scattered by the Tyndall, Rayleigh, and Raman effects being incom- 
pletely polarized, the presence of an unpolarized component in the scattered 
light is not a certain crito'ion for even the presence of fluorescence. But 
if the depolarization factor p is measured once for the total laterally emitted 
light, and again for the same light deprived solely of the fluorescent light, 
then from these two factors the ratio of the intensity (2/) of the fluorescent 
light to that (a + 6) of the scattered can be determined, a and h being the 
I, and the /«, of the scattered light (p. 300) In the first case, p'= 
(o + /)/(& + /); and in the second, p = a[h\ whence 2f/(a + b) = 
2(p' — p)/(l — p')'(l + p). In practice, the fluorescent light is removed 
by means of a filter cutting out the ultraviolet. When the filter is in the 
incident beam, p is measured ; when in the scattered, p'. This assumes that 
the intensities of the additional Raman bands that are present in the second 
case contribute negligibly to the intensity of the scattered light. By this 
procedure the following results were obtained: 

V/(o+4) Filter Reference 

0069 Oraage Krishnan, K. S.f« 

0.033 Green Ibid. 

0 03 Quinine Swatzer, C. W., J. Phys’l Chem , 31, llSO-1191 (1927). 

0.13 Quinine(?) Canals, E , and Peyrot, P., Compt. rend., 198, 1992-1994 (1934). 

Rayleigh Scattering by Water. 

In obtaining the data given in the following tables, the investigators 
made no attempt to eliminate the effects of the Raman scattering or of 
fluorescence, except as is indicated , and the data for polarization likewise 
refer to the total laterally emitted light. 

The intensity of the scattered light varies reversibly with the tempera- 
ture, decreasing as the temperature rises,*®® but the published data cannot 
be interpreted quantitatively. 

E. O Hulburt*®® has shown that the observations by W. Beebe and 
G. Hollister*®" of the intensity of the light scattered horizontally by the 
sea at various depths can be satisfactorily accounted for by the Rayleigh 
scattering and the values he himself obtained for the coefficient of absorp- 
tion, except in the first 250 feet, where the absorption has to be increased 
by an amount equivalent to the presence m each cubic centimeter of one mote 
one-tenth of a square millimeter in sectional area 

More recently, L. H. Dawson and E O Hulburt**^ have found that 
within their experimental error (< 15%) the total light scattered by water 
in the range A = 2536A to 5790A varies with A as demanded by the 
Einstein-Smoluchowski expression (see Table 148). 

««Schade, II, and Lohfert. H, Kolloid Z. 51, 65-71 (1930) 

«> Hulburt, E. O, / Opt Soe Amrr , 22, 408-417 (1932). 

»> Beebe, W., and HoIIiater, G, Bull N Y Zaol. Soe, 33, 249-263 (1930) 

<*>'Dawaoa, L. H , and Hulburt, E O., /. Opt. Soe. Amor., 27, 199-201 (1937) -*Phys. Rev. (2), 
51, 1017 (A) (1937). 
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In 1930, J. Plotnikow and L. Splait described and studied what they 
called a longitudinal scattering. The work was continued by J. Plotnikow 
and S. Nishigishi and others, with varying results, leading to a dis- 
cussion, sometimes spirited. The onginal contention of Plotnikow and his 
assoaates has been upheld by B. Coban and by L §plait,^®*“ but it seems 
almost certain that eveiything that is not spurious in the phenom^a 
described can be accounted for by the well-known Tyndall and Rayleigh 
scattering."® 


Table 148. — Polarization and Intensity of Light Laterally 
Scattered by Water 

See remarks in text. The values credited to K and to RR (see refer- 
ences®) are essentially those given in the compilation by J. W. T. Walsh 
and H. Buckley."® 

7 = intensity of the laterally scattered light at a distance r from the 
volume V of water from which the light comes ; E = intensity of the inci- 
dent (exciting) light, p = depolarization factor 

7«/7/ *= ratio of intensity of light laterally scattered by water to that of 
the light similarly scattered by the indicated fluid under the same con- 
ditions , I = liquid, g = gas at 0 °C and 1 atm 

Pit pt = value of p when the indicated filter is in the incident, scattered, 
beam, respectively. The filter is speafied by the color of the light trans- 
mitted. 

\ = wave-length of the incident (exciting) light. 

Unit of X 1 A « 10*^ cm, p is a pure number 

I Polarization. 


p 

Ref • 

Ref 

G 

K 

K 



Filter 

P, 

P, 


0 067 

M* 

Red 

0 119 



0 05 

C 

Oranee 

0 108 

0 085 

0 118 

0 125 

RR 

Green 

0 105 

0 079 

0.095 

0.106 

G 

Blue-ET 

0 105 



0 096 

K 

Blue 

0 144 

0 145 

0 099 

0 11» 

Ro 





0 109 

S 





0.096 

Ra 





II. Intensity. 





Fluid 

UHt 

Ref* 

X 

10*/rVVE 

Ret* 

Ether 

(/) 0.192 

ML 


1.77 

ML 

Ether 

{1) 0 192 

RR 

4358 

1 77 

M» 

Benzene (1) 0 069 

S 

5461 

0 72 

M* 

Toluene (/) 0 060 

M‘ 

5780 

0 57 

M‘ 

Air 

(Z) 165 

RR 




^ Plotnikow, J , and Splait, L , 

Physik Z , 31, 

369-372 (1930) 



^ Plotnikow, J , and Nishigishi 

, S , Idem, 32, 434-444 (1931) 



4M Coban, 

B , Acta Phys Polon , 4, 1-16 (1935) 




Splait, L , Idem, 4, 329-330 

(1935) 





Knshnan, R S, Proc Indian Acad Set, 1, 44-47, 211-216 (1935), Mitra. S M. Z Phvstk. 
Vi ®®5-327 (1935), and Katalinic, M , Ko/ Z , 

74, 288-296 (1936) , Z Physik, 106, 439-452 (1937) , > . 

«• Walsh, J. W. T , and Buckley, H , Int Cnt Fables, 5, 266 (1929) 
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Table 148 — (Contintied) 

III. L. H. Dawson and E O. Hulburt.*®^ If the molecule of water 
were isotropic, then, on the density-fluctuation theory of Einstein and 
Smoluchowski, the total radiation of wave-length X that a unit volume of 
water at 22 °C would scatter per unit of solid angle per steradian) 
in directions perpendicular to the direction of propagation of the incident 
light would be I\a, where a has the values here tabulated, and I\ is the 
intensity of the incident radiation of wave-length X. Since the molecules 
are anisotropic, the scattering will exceed 7\a. The amount of this excess 
in the ultraviolet is unknown , in the visible spectrum it is less than 30 per 
cent. The observations of Dawson and Hulburt in the range X = 253 6 to 
546 1 m /1 agree relatively with the values here tabulated 


Unit of X— 1 mil — IQ-’ cm, of a — 1 cm-’ steradian-' Temp — 22 “C — 295 "K 
X lO’a X lO’a X 10>a X Id's 

600 0 79 500 1.66 400 4 06 300 14.8 

550 1 03 450 2 53 350 7 15 250 34.4 


K 

M 


' References * 

C Cabannes, J , Jour de Phys (6). 3, 429-442 (1922) 

G Cans, H, 2 Phystk, 17, 353-397 il923) *- Corttrtb fac dc cicHC Univ La Plata 

(Mat Pis), 3, 2S1-31S (1923), 2 Phvsik. 30, 211-23 9 (1924) 

Krishnan, K S, Phil Mag (6), 50, 697-715 (1925) 

Martin, W H, Pkys’l Client , 24, 478-492 (1920), M»^/drm, 26, 471-476 

(1922) 

ML Martin, W H . and Lehrman. S. Idem. 26, 75-88 (1922) 

Ra Kaman.ulham, M , Indian I Phys , 4, 15-38 (1 929) 

Ro Rocard, V, Compt rend, 180. 52-53 (1925) 

RK Raman, C V, and Rao, K S, Phil Mag (6), 45, 625-640 (1923) 

S Sweitzer, C W , / Phys'l Chem . 31, 1150-1191 (1927) 

‘ Rocard reports this value for green light, and says that p vanes very little with 
the wave-length If fluorehcence had not been eliminated [’] then p = 0 16 to 018 


Raman Scattering by Water. 

Water contrasts sharply with most other liquids m that its Raman spec- 
trum consists of broad diffuse bands, some of which overlap. This, together 
with the fact that the spectrum of the mercury arc, which is the most satis- 
factory illuminant, contains a number of bright lines, makes interpretation 
of the observations difficult, unless care is taken to remove from the light 
of the arc all except one line, or a small group of closely spaced lines 
That has been done by H Hulubei,*®^ H Hulubei and Y. Cauchois,^®® 
M Magat,^®® and J H Hibben ®®® , but most of the recorded observations 
have been made with the unfiltered radiation. 

The most prominent features of the Raman spectrum of water are two 
bands, one broad and centered near the wave-length corresponding to 
&v = 3400 cm-^, the other narrow and centered near Sv = 1650 cm"^. There 
has been much discussion about the structure of the first (see Table 152). 
It probably has three components, the strongest having its maximum near 
8i» = 3400 cm'^, the one of intermediate strength near 8v = 3200 cm'^, and 

Hulubei, H, Compt rend, 194, 1474-1477 (1932) 

•» Hulubei, H, and Cauchoia, Y, Idem. 192, 1640-1643 (1931) 

"•Magat, M, Idem, 196, 1981-1983 (1933), Jour de Phys (I), 5, 347-356 (1934) 

*» Hibben, J. H , 7 Chem'l Phys . 5, 166-172, 994 (1937) 
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a very weak one near Sr = 3600 cm’’, but H. Hulubei and M. Magat 
failed to find the 3600 enr^ component, although they sought for it; and 
E. H. L. Meyer suggested tliat tlie apparent structure of this band is an 
optical illusion. For the early discussion of the subject see W. Gerlach 
and E. H. L. Meyer More recently, Magat has reported that he has 
found this 3600 cm'^ component, but only at temperatures above 37 °C. 

I. R. Rao has sought to interpret the observations in terms of the 
polymerization of water; M. Magat,®®^* accepting the quasicrystal- 
line theory of liquid structure, has sought to interpret them in terms of the 
several modes of vibration of the molecule when subjected to the action of 
its neighbors. Magat’s view is the one more favored at present. 

Most of the early work was limited to a study of the bands near 8v = 
3400 and 1650 cm'^, but many other lines and bands have been mapped 
(see Table 153). These have been regarded by I. R. Rao and P. Kotes- 
waram®®® as spurious, as arising from excitation by another spectral line 
than that supposed by the observer , but J. H. Hibben ®®* seems to have 
shown conclusively that such is not the case, that m his work, at least, the 
lines in dispute cannot have arisen from excitation by any other line than 
that he supposed, and that at least the lines near &v — 175, 500, 1659, and 
2150 cm'* are true Raman lines. He had not observed the lines reported 
at fiv = 4023 and 5100 cm'*, but he gave reasons for believing that Rao 
and Koteswaram’s criticism is inapplicable to them also. 

G. Bolla ®*® has reported a spurious multiplication of the Raman bands 
under certain instrumental conditions. 

General reviews of certain phases of the work in this field have been 
recently published by M. Magat,®** A Kastler,®** P. C. Cross, J. Burnham, 
and P. A. Leighton,®*® and J. H. Hibben.®** 

Polarisatwn and Intensity of the Raman Bands of Water. — Caban- 
nes ®*® has found that for a given substance the polarization of any given 
Raman line or band is independent of the frequency of the exciting radia- 
tion, and that the amount of the polarization of the several Raman lines or 
bands, each corresponding to a different value of Sf, may differ, the depolar- 
ization factor (p) lying between 0 and 1 (actually, 6/7 is the limi ti ng 


Magat, M , Jour do Phyi (7), 5, 347-356 (1934) 

«> Meyer, E H L, Phynk Z, 31, 510-511 (1930). 

He Gerlach, W , Phynk Z , 31, 695-698 (1930). 

Hi Meyer, E H L , Idem, 31, 699-700 (1930). 

He Magat, M , lour dt Phys (7). 6, 64S-65S vl93S). 


HO Rao, I. R, Proc Roy Soe, (Loudon) (A), 130, 489-499 (1931) : Atature, 132, 480 (1933): 
Proc Roy. Soe. (Loudon) (A), 14^ 489-508 (1934), PM Mag (7), iV, 1113-1134 (1934) 


•H Magat, M, Ann de Phys (11), 6, 108-193 (1936), Trans Faraday Soe, 33, 114-120 (1937) 

HO Rao, I. R, and Koteswaram, F., J Chem’i Phys, 5, 667 (L) (1937) 

e» Hibben, J H , Idem. S, 994 (L) (1937) 

ew Bolla, G., Nature, 128, 546-547 (L) (1931), 129, 60 (L) (1932) 

eu Magat. M , .4nti de Phys. (11), 6, 108-193 (1936) (Bibliog of 148 entries) 


ete Kaetler, A , Rev gin des Set (Paris), 47, 522-536, 559-566 (1936) 


*“CroM, P. C, Burnham, J, and Leighton, PA., / Am Chem Soe, 59, 1134-1147 (1937) 
•H Hibben, J H , /. Wash Aead Set, 27, 269-299 (1937). 

■HCabannes, J, Compt rend, 187, 654-656 (1918). 
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value). Values of p are given in Table 149. See also F. Heidenreich.“* 
Using Xh* = 3650A as exciter, G. I. Pokrowski and E. A. Gordon 
measured both the polarization ( 1 — p) and the relative intensity of the 
band Sv = 3400 cm*^ when scattered at an angle ff with the direction of 
the incident beam (Table 149). 

Of the three components (8v = 3200, 3450, 3600 cm’^) of the 8v = 3400 
cm"^ band, the second is the strongest at room temperatures ; and the third 
the weakest.®^® 


Table 149. — ^Polarization and Angular Scattering of the 
Raman Bands of Water 

8v = approximate shift defining the maximum of the band or component 
studied; p = depolarizing factor, I = relative intensity of the bwd as 
scattered at an angle 0 with the direction of the incident beam. 


Ref 

An 

175 

500 

Umt of cm'*, p and 1 are ratios 

750 1650 3200 

3450 

3600 

' 0 85 

g 

g 

0.10-0 IS 

0 40-0 50 

0.85 ’ 

CdeR 




0.4 <0.30» 

0.30 

— 

Ra 


- 

— 

0 60 

0.48 

0.75 


.. 

— 

— 

0 62 

0 52 

0.54 

- 

- 

- 

Yes* 

No* 

- 

PG* Exciter, Xh. 
e zo" 

= 3650A, 
go” 

3i- = 3400 
60* 

90“ 120“ 

140“ 

160“ 

I 

20 

1 9 

1 3 

1.0 0.7 

07 

07 

(1-/0“' 

0 07 

- 

- 

0.70*0 02 

- 

07 


* References 

An Ananthakrishnan* R , Proc Indtun Acad Scij 3^ 201’20S (1936). 

C DeR ( abannest J , and de Riols. J , Compt rend , 198. 30'32 (1934) 

CH Cabannes, T, and Roussct, A, Idem, 194, 706-708 (1932). 

PG Pokrowski, (j T, and Gordon, E A, Ann d Physxk {$), 4 , 488-492 (1930). 

Ra Ramaswamy, C 

Sp Specchia. O. Naow C%m (N S ). % n3-137 (1932) 

“ This line is said to be more polarized than the 3450 cm"* one,_ hence the < 0 30 

* No numerical value given ; the 3200 line is said to be depolarized , the 3450 one 
to be polarized 

‘ They call these values the "polarization,” presumably meaning (1 — p) 


Effect of Temperature on the Raman Scattering by Water — ^At 11 5 °C 
the intensity of the band 8v = 3400 cm"^ is the same whether the band is 
excited by Ahb = 3020, 2968, or 2654 A ; whereas at 55 °C the one excited by 
Ang = 2968A is about 20 per cent more intense than either of the others 
But P Pringsheim and S Shvitch®®® have reported that the relative 
intensities of the several repetitions of a given band (8v = 3400 cm"^), each 
corresponding to one of the stronger lines of the mercury spectrum, are 
independent of the temperature of the water. 

Both of the two broad bands observed at 4690A and 4250A (presumably 

»>'> Heidenreicli, F, Z Phystk, 91, 277-299 (1911) 

'Pokrowski, (i I, and Gordon, E A, Ann d Phvsih (5), A, 488-492 (1930) 

•“Ramaswamy, C., Nature. 127, 558 (L) (1931), Specchia, O, Nuovo Cm (N S ), 9, 133- 
137 (1932) See also Hibben, J H, / Chem’l Phys , 5, 166-i72 (1937) 

•“Jfeyer, E. H L, and Fort, I, Phystk Z , 31, 509-510 (1930) 

•“ Pringsheim, F , and Slivitch, S , Z Phystk, fO, 581-585 (1930) 
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corresponding, respectively, to 8 v about 3400 cnr* and 1650 cm'^) become 
narrower and sharper as the temperature is increased.®** 

The 8y = 140 cm** band, observed and studied between 4 ®C and 97 "C 
by E. Segre,®** decreases in intensity as the temperature is increased. 

As the temperature is increased, the maximum of the broad Raman 
band centered near 8 i/ = 3400 .shifts in the direction of increasing Sv, and 


Table ISO. — Shift of Raman Lines of Water with Change 
in Temperature 

(See text for comments and references to other work ) 

cSv IS the frequency difference corresponding to the maximum intensity 
of the Raman line or band; 81 /==^ (l/Xm — 1/^). where and km are 
the wave-lengths of the incident and the scattered radiation, respectively, 
c =■ velocity of light; p = density of the water. 


Unit of ty — i cm"*, of p= 1 g/ml Temp ■■ t °C 


Ref-> 

I 

, Uk» 

p 

iy 

60 

0 98 

3448 

130 

0 93 

3497 

200 

0 86 

3524 

260 

0 78 

3520 

300 

0 70 

3530 

320 

066 

3528 

350 

— 

3530 

380 

0 33 

3530 

360 

0133 

3530 

350 

0.096 

(3530' 

{3646 

330 

0 055 

3646^ 

310 

0 025 

3645 

250 

00135 

(3639* 

?3653 

200 

0007 

(3639' 

J3653 


, Hi« 

28 'C 88 »C 

, I, , 

144 149 

440 450 

1627 1629 

• References 


t 

0 

4 

38 

98 

- Ra- - 

" ■ ' ^ 

Sp 

3502 

3412 

3493 

3466 

17 


3406' 

41 


3417 

60 


3429 

80 


3452 

91 


3474 




’ll 5 


3414 

55 


3430 

92 


3551 


28 "C 88 °C 

Sy I 

2170 2118 

3219 3222 

3445 3460 


Hi Hibben, T H “> 

Me Meyer, E H L, Pkysit Z, 31, 510-Sll (1930) 

Ke Ran, I R, Proc Ray Sac (London) (A), 145, 489-508 (1934) 

Sjp Specchia, O, Rum*o Ctm (N S 7, 388-391 (1930) 

Ulc Ukholin, S A. Compt rend Acad Set URSS, 16, 395-396 (1937) 

* Ukholm worked with water sealed in quartz tubes and heated to various tempera- 
tures; the state of the water was specified by means of the temperature and the density, 
which m many cases was less than at the critical point (p„it = 0 33) 

' Here the band persists^ and a new line appears 

* Here the band has vanished and only the new line remains 
'The line has now split into two 


WI Meyer, E. H L , Phyt*. Z, 30, 170 (1929) 

■■ SegrO, E , Atti Aeead Line (6), 13, 929-931 (1931) 
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the component of smallest Sv (8 k about 3200 cnr^, corresponding to A.* = 
3 13 /i) decreases in intensity, nearly vanishing as 100 “C is approached.®®® 
The intensities of the other two components of that band about 
3450 cm"^ and 3600 cm"®, corresponding to A« = 2 90 and 2.77 /*, respec- 
tively) change but little with the temperature,®*® the change of the last 
(8i'=3600 cm"®) being an increase (Rao 1930).®*® 

The original papers should be consulted. More recent work, covering 
the effect of temperature on each of several bands, may be found m the 
papers here noted ®®® 

Certain data given by Hibben and Ukholin are included in Table 
150. Magat®*® is of the opinion that the variation of the Raman lines of 
water with the temperature is peculiar near 40 °C ; but G Holla ®®® disagrees 
with him. 

Effect of Solutes on the Raman Scattering by Water — The relative 
intensities of the several repetitions of a given band (Sv = 3400 cm"®), each 
corresponding to one of the stronger lines of the mercury spectrum, are 
unchanged by the addition of a solute to the water.®®® 

The solution in water of HNOj or of certain salts forming electrolytic 
solutions causes the components of the 3400 cm"® band to become sharper, 
the 3200 cm*® component to decrease in intensity, and the 3600 cm"® com- 
ponent to increase; the band is shifted in the direction of increasing Sr 
In concentrated solutions of HNOa, the 3200 cm"® component is vanishingly 
weak , whereas the 3600 cnr® one is the strongest of the three ®*® In solu- 
tions of NaNOa, this band is shifted as just stated, but the intensity of the 
3600 cm"® component is decreased, vanishing in a 66 per cent solution ®®® 
On the other hand, the solution of HCl decreases the intensity of both 
the components 3200 cm ® and 3600 cm"®, and somewhat increases that of 
3400 cm"® (Brunetti and Ollano®*®, Rafalowski ®*®). 

In contrast to the observers mentioned in the two preceding paragraphs, 
W Gerlach,®*® who has reported that he finds only two components (3200 
cm"®, 3400 cm"®) in the 3400 cm"® band, has stated that only the 3400 cm"® 
component was visible in solutions of LiCl and of CaCIz, but both were 
visible in solutions of ZnCIy and of CdQ^ In solutions of the alkali nitrates 


Bhagavantam, S, Ind J Phyj , 5, 49-57 (1930), Meyer, E H L, Phystk Z, 31, 510-51 1 
(1930), Nisi, H. Jap. J Phys , 7, 1-32 (1931), Rao, I R, Natarc, 125, 600 (1930), Proc Ray 
Sac (London) (A), 130, 489-499 (1931), Specchia, O, Nuoi'o Ctm (N S ), 7, 388-391 (1930), 
Ganesan, A S, and Venkateswaran, S, Indian J Phys, 4, 195-280 (1929) 

Bhagavantam, S, Indian J Phys 5, 49-57 (1930), Ganesan, A S, and Venkateswaran, 
S, idem, 4, 195-280 (1929) 

““ Boila, G, Nuovo Cim (N S ), 12, 243-246 (1935), Rao, CSS, Proc Roy Soc (London) 
(A) 151, 167-178 (1935), Magat, M, Jonr de Phys (7). L 64S-65S (1935), Ann dt Phys (11), 
& 108-193 (1936), Anantliakrisbnan, R, Proc Indian Acad Sa , 3, 201-205 (1936). Cross, iP C, 
Burnham, J. and Leighton, P A., I. Am Chcm Soc, 59, 1134-1147 (1937), Hibben, T H, 
/ Chem'i Phys, 5, 166-172 (1937), Magat. M, Trans Faraday Soc, 33, 114-120 (1937), Ukholin, 
S A, Compt rend Acad Sa URSS, 16, 395-398 (1937) 

“•Magat, M, Jonr. de Phys (7), 6, 64S-65S (1935), Trans Faraday Soc, 33, 114-120 (1937). 

•“Brunetti, R, and Ollano, Z, Ath Accad Linen (6), 12, 522-529 (1930), Rafalowski, S., 
Bull Int de I'Acad Polonaise (A), 1931, 623-628 (.1931) -* Nafare, 1% 546 (f931); Rao, I. R, 
Nature, 124, 762 (1929) «- Proc Roy Soc (London) (A), 127, 279-289 (1930), Nature, Ui 600 
(1930): Proc Roy Soe (London) (A), 130, 489-499 (1931). . » 


•“Cabannes, J, and de Riols, J, Compt. rend., 198, 30-32 (1934) 

"•Gerlach, W, Naturrmssenschaften, 18, 68 (L), 182-183 (L) (1930); Physik. Z., 31, 695- 
698 (1930). 
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the wave-length separation of tlie two coiiipoiients increased almost linearly 
with the concentration, the band shifted in the direction of decreasing Sv, 
and the 3400 cm'^ component split into two, as the concentration increased. 
He stated that a broad unresolved band at A. = 4160A (Is it the 8v = 1650 
cm*^ band?) is weak in solutions of LiCl, but is sharp and displaced in the 
direction of increasing 8i> in solutions of CaC^. N. Embirikos generally 
confirms Gerlach. 

In ammonium solutions, the 8i' = 1650 cm"^ band is shifted in the direc- 
tion of increasing 8i/, the shift being small for the nitrate and the chloride, 
but exceptionally great (about 30 cm'^) for the sulfate.®*® This band is but 
little affected by adding NaNOg to the water.®®® 


Table 151. — ^Analysis of the Raman Spectrum of Water ®'‘® 

(For the band near 8»« = 3400 cm'® see Table 152.) 

Vff, Vr, and vs are the quantum numbers corresponding to the three 
fundamental modes of vibration of the free molecule (Table 64) ; Vi, Vg, Vg, 
and Vo are four others corresponding to fundamental vibrations determined 
by the interaction of the molecule with its neighbors. The frequency of a 

given vibration is cv where v = 4- VrVr + + Vovo, and cvr, 

cro are the frequencies of the 7 fundamental vibrations. 


Ve 

V* 

«s 

SI 

SI 

s> 

V. 

Infrared 

Raman 

Sells 

0 

0 

0 

0 

1 

0 

0 

— 

60 

(60) 

0 

0 

0 

0 

0 

0 

1 

— 

152-225 

166« 

0 

0 

0 

0 

0 

1 

0 

510 

500 

570* 

0 

0 

0 

1 

0 

0 

0 

670 

740 

(700) 

0 

0 

1 

0 

1 

0 

0 

1710 

— 

1720 

0 

0 

1 

0 

0 

0 

1 

1850 

— 

1820 

0 

0 

1 

0 

0 

1 

0 

2135 

2135 

2160 

1 

0 

0 

0 

0 

1 

0 

4023 

4024 

3950 

1 

0 

1 

0 

0 

1 

0 

5590 

— 

5620 


* Frequencies near these may be derived from Bernal and Fowler’s proposed struc- 
ture of water (see p. 174). 


See also C C. Hatley and D C^lihan,®*® H. Hulubet,^®® C Ramas- 
wamy,®®* A da Silveira and E. Bauer,®*® A. Hollaender and J. W. 
Williams,®*® E Bauer,®*® M. Magat,®*® F. Cennamo,®*® J. H. Hibben,®®® 
P. A. Leighton and J Burnham,®^® and for the earlier work, especially 
K. W. F Kohlrausch.®*® 

»n Embirikos, N., Phvsit Z . 33, 946-947 (1932) 
da Silveira, A , CompI rend , 19S, 521-523 (1932) 

“Hatley, C. C, and Callihan, D, Phyt Rev (2), 31, 909-913 (1931) 

“ Ramaswamy, C , Indian J Phyt , 5, 193-206 (1930) 

“da Silveira, A, and Bauer, E, Compt rend, 195, 416-418 (1932) 

“Hollaender, A, and Williams, J W, Phyi Rev, (2), 34, 994-996 (1929) 

“ Bauer, E , Jmr de Phys (7), 6, 63S-64S (1935) 

“Magat, M, Jour, de Phye (7). 6, 64S-65S (1935) 

“Cennamo, F, Nuovo Ctm. (N S ), 13, 304-309 (1936). 

“Leighton, P. A, and Burnham, J, J. Am. Chem Soe, 59, 424-425 (L) (1937). 
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Interpretation oj the Raman Spectrum oj fVater . — Numerous attempts 
have been made to interpret the Raman spectrum in terms of the funda- 
mental vibrations of the water molecule (see Tables 64 and 65) and in 
terms of the observed infrared spectrum of water. At first they were 
limited to the band near Sv = 3400 cm“^ (see Table 152), but recently they 
have been extended by M. Magat to other lines. He has concluded that 


Table 152. — ^Analysis of the Raman Band near 8v = 3400 

The following values of 8v and of Ajt = 1/Sv are those assigned by the 
several observers to the maxima of the components of the band. Some 
give &v ; some, Xg ; and some, both ; if only one of these quantities has been 
published, the compiler has computed the other from it. Such computed 
values are enclosed in parentheses. Hu and Mag sought for the 3600 com- 
ponent, but could not find it ; the others dted in the second section of the 
table say nothing about it. E. H. L. Meyer suggested that the apparent 
structure of this band is an optical illusion , for the resulting controversy, 
see W. Gerlach and E. H. L. Meyer.®®® 

Unit atSo-'l cm-*, at m^IO** cm 


I, , . X* Ref.* 


(3195) 

(3448) 

(3610) 

3.13 

2.90 

2.77 

Bh* 

3200 

3435 

3630 

3.12 

2.91 

2,75 

Bo*** 

3225 

3469 

3589 

3.10 

2.88 

2.79 

BO 

3224 

3436 

3625 

(3.10) 

(2.91) 

(2.76) 

CRi 

3230 

3450 

3560 

(3.10) 

(2.90) 

(2.81) 

CC 

3199 

3453 

3609 

3.13 

2.90 

2.77 

GaV 

3228 

3435 

3624 

3.10 

2.91 

2.76 

HaC 

3206 

3456 

3578 

3.12 

2.89 

2.79 

N* 

3180 

3440 

3630 

(3.14) 

(2 91) 

(2.75) 

Ry* 

3208 

3419 

3582 

(3.12) 

(2.92) 

(2.79) 

Ro* 

(3205) 

(3413) 

(3584) 

3.12 

2.93 

2.79 

Ro* 

3084 

3423 

3628 

3.24 

2.92 

2.75 

Ro* 

3217 

3433 

3582 

(3.11) 

(2 91) 

(2.79) 

Ro*.* 

3278 

3406 

3569 

3.04 

2.92 

2.80 

Sp> 

3246 

3405 

3554 

3.08 

2.93 

2.81 

Sp> 

3208 

3435 

3595 

3 Ur 

2.90, 

2.77, 

Mean 

3232 

3422 

■ - 

(3.09) 

(2.92) 

— 

Ge 

3324 

3513 

— 

(3 01) 

(2.85) 

— 

DuKo*.* 

3233 

3443 

none 

(3 09) 

(2.90) 

— 

Hu 

3195 

3394 

— 

(3 13) 

(2.95) 

— 

Ki 

3221 

3435 

none 

(3.10) 

(2.91) 

— 

Mag’ 

3195‘ 

3437 

— 

(3.13) 

(2.91) 

— 

N* 

3217 

3441 



3.09, 

2.90, 

— 

Mean 


•References: See Table 153. 

• Nisi states that when the exciter is Ah, = 4047 A or 3650-3663 A the band 
looks like a triplet, but that when the exciter is Xu, = 2967A it consists of only two 
(diffuse) bands, as here given, with no indication of a third. Magat (Mag*) used 
toth Xhi = 4358A and Xag = 2537 A, and in both cases failed to find the 3600 cm-* 
component. 

•** Magat, M., Ann de Phys. (11). f, 108-193 (1936), Tram Faraday Soc , 33, 114-120 (1937). 

•"Magat, M, Ann da Phya. (11), 6, 108-193 (1936). 

•"Meyer, E. H. L., Phyttk. Z., 31, 510-511 (1930). 
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in addition to the three independent frequencies of the free molecule, four 
others, representing the effects of other molecules upon the one that is 
scattenng the radiation, must be considered. His scheme is given in Table 
151. S. A. Ukholin has concluded that it is unsatisfactory to ascribe 
the maxima near Sv = 3400 and 3600 cm"^, respectively, to Bernal and 
Fowler’s types II and III of water (p. 174). See also R. Anantha- 
krishnan.®*® 


Table 153. — Raman Spectrum of Water 

Here are given all the more important reported values of 8v and of 
1/Sy). Some refer to the maxima of unresolved bands, some to the 
maxima of the components of bands. 


Unit of <• 1 em''^ of Xr**! M^OOOOl cm 


Ong* 

rot. 


a 


a 


a 


f 


a 



x* 

Remark.^ 

Re{> 

Orig 

• tp 

Xs 

Remark# Ref * 

60 

160.7 


Bo>.‘ 

f 

3221 

3.105 


Mag* 

134 

74 61 


An 


3224 

3 102 


CM 

236 

42 . 4 J 


An 


3225 

3101 


BO 

140 

71.4 


Se 


3228 

3 10 


HaC 

144 

69 4 


Hi‘ 


3230 

3 096 


CC 

172 

581 


Bo>'‘ 


3231 

3 095 


An 

175 

57.1 


Mag*, Hi* 


3233 

3 093 


Hu 

200 

50 0 


Mag>, CBL 


3246 

3.081 


Sp* 

340 

29 4 


De 


3260 

3 067 


Sp* 

440 

22 7 


Hi* 


3270 

3 058 


Ro* 

464 

21 6 


An 


3278 

3.051 


Sp* 

500 

20 0 


Mag*.*, Hi* 


3290 

304 


Po 

510 

19.6 


Bo* 


3324 

3.008 


DuKo*.* 

550 

18 2 


CRi 


3360 

2 976 


Ro*.* 

600 

16 7 


Mag*.* 


3390 

2 950 


Ro* 

700 

14 3 


CRi, Mag* 


3394 

2 946 


Ki 

740 

13 5 


Mag* 


3400 

2 941 


DeKg, Ry* 

754 

13 3 


An 


3405 

2 937 


Sp*.* 

780 

12 8 


Bo* 


3406 

2.936 


Sp* 

1627 

615"’ 


Hi* 


3410 

2 93 

(H.O). 

Ro* 

1645 

6 08 


Bo* 


3419 

2 925 


DuKo*, Ro* 

1650 

6.06 


CRi 


3420 

2.924 


HuC 

1656 

6 04 


CBL 


3423 

2 921 


Ro* 

1659 

6 03 


Mag*, Hi* 


3428 

2 917 


An 

1665 

6 00 


An 


3431 

2.915 


MeP 

1705 

5 86 


KU 


3433 

2 913 


Ro*.* 

2130 

4 69 


Mag* 

f 

3435 

2.911 

Max 

Bo*.*, HaC, 

2135 

4.68 


Mag* 





Magi 

2150 

4 65 


Bo*, Hi* 


3436 

2 910 


CRi, An 

2170 

4 61 


Hi*, CBL 


3437 

2 909 


N» 

23S5(?) 4 25(?) 

GaV 


3440 

2.907 


Ry*, CBL 

3084 

3 24 ■ 

1 


Ro* 


3443 

2.904 


Hu 

3100 

3 226 


Ry* 


3444 

2 904 


GhK 

3180 

3.145 


Ry* 


3445 

2.903 


Hi* 

3190 

3 135 


CBL 


3448 

2.900 


Bh* 

3195 

3 130 

H,0 

Bh',N*,Ki 


3450 

2.898 


CC, CPR 

3199 

3 126 


GaV 


3453 

2,896 


GaV 

3200 

3.125 


Bo*.* 


3456 

2.894 


N* 

3205 

3.12 


Ro* 


3469 

2.883 


Bo 

3206 

3.119 


N* 


3474 

2.878 


KU 

3208 

3.117 


Ro’ 


3513 

2.846 


DKUo*.* 

3214 

3.111 


An 


3554 

2.814 


&>* 

3217 

3.108 

Max 

Ro*.* 


3560 

2.809 


OC,Sp> 

3219 

3.106 


Hi* 


3569 

2.802 


Sp* 
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Table 153 — (Continued) 



hg Remarks* 

Refs 

Ong 

• tr 


Remarks* I 

3578 

2.795 

N* 


6042<« 

1.655'* 


BO 

3582 

2.792 Max 

Ro*A.*J 

c 

6747 

1.482 

X 

Hu 

3589 

2 786 

BO 

c 

7246 

1380 

X 

Hu 

3600 

2.778 

Ry*, An 


7729 

1.294 


HuC 

3605 

2.774 

An 


7757 

1.289 

X 

Hu 

3609 

2 771 

GaV 

c 

8200 

1.220 

X 

Hu 

3610 

2.770 (H,0), 

Bh* 


8243 

1.213 


HuC 

3624 

2.759 

HaC 

c 

8660 

1.155 

X 

Hu 

3625 

2.758 

CRi 


8703 

1.149 


HuC 

3628 

2.756 

Ro* 

c 

9175 

1.090 

X 

Hu 

3630 

2 . 755 J 

Bo*'*, Ry* 


9223 

1 084 


HuC 

3650 

2 740 

CBL 

c 

9569 

1045 


Hu 

3990 

2 506 

Bo* 


10039 

0.996 


Hu 

4000 

2 500 

CBL 


10151 

0.985 

X 

HuC 

4023 

2 486 

Mag*'* 

c 

10635 

0.940 


Hu 

5090 

1 965 

Mag* 


10944 

0 910 


Hu 

5100 

1.961 

Mag* 


11264 

0 888 

X 

HuC 

5502 

1.818 

GaV 







‘Origin of fhc line a = associated molecules (Magf) ; c = combination tones 
(Mag*, Hu) , f = fundamental frequency of the molecule (Mag*) , rot = from rotation 
of the molecule (Mag") 

* Remarks Square bracket indicates extent of band , Max = position of maximum, 
but DuKo, W Gerlach “■* and Hu found m the band centered near 3400 cm“' only two 
maxima, which the first two place near 3324 and 3513 cm'*, and Hu near 3233 and 
3443 HjO, (HaO)», and (H»0)« are the molecules to which I R. Rao“' assigns 
the associated values of Sv In that paper he replies to Su, who disagrees with him 
and has endeavored to interpret this band m terms of HaO and (HaO)a only; x indi- 
cates that Mag* reports that he did not find the line 

* References : 

An Ananthaknslinan, R, Proc Indian Acad Sri. 2, 291*302 (1935) 

BW Bhigavantam, S , /»<i J Phys , 5, 49-57 (1930), Bb», Idem, 5, 217-307 (1930) 

Boi Bella, G, Nature, 128, 546-547 (1911), Bo“. Idem, 129, 60 (1932), Bo», Nhovo 
dm IN SJ. 9, 290-298 (1932). Bo‘, Idem, 10, 101-107 (1933) 

BO Brunetti, R, and Ollano, Z, Atti Accad Linen (6), 12, 532-529 (1930) 

CBL Cross, P C , Burnham, J , and r.eighton, PA./ Am Chem Sac , 59, 1134-1147 

(1937) 

CC Carclli, A, and Cennamo, F , Nnovo dm (N S ), 10, 129-132 (1933) 

CPR Cirrelli, A, Pringsheim, P, and Rosen, B, Z Phvsil 51, 511-519 (1928). 

CRi Cabannes, J, and de Riels, J, Compt rend, 19B, 30-32 (1934) 

De Daure, P, Idem, Uf, 1833-1835 (1928) 

DeKa Daure, P, and Kastler, A, Idem, 19Z 1721 1723 (1931) 

DuKdi Dadicu, A , and Kohlrausch, K W F . Naturwtssenschaffen, 17, 625-626 (1929) , 
DuKo=, J Opt Sac Amcr , 21, 286-322 (1931) 

GaV Ganesnn, A S , and Venkateswaran. S , Indian J Phys , 4, 195-280 (1929) 

GhK Ghosh, J C . and Kar. B C, / Pkys'l Chem, 35, 1731-1744 (1931) 

HaC Hatley, C. C, and Callihan, D. Phys Rev (2), 38, 909-9 1 3 (1931) 

Hi» Hibben, J H , / Chcm’l Phys, 5, 166-172 (1937) , (28 °C ) Hi», Idem, 5, 994 (L) 

(1937) 

Hu Huluhei, H , Compt rend . 194, 1474-1477 (1932) 

HuC Huluhei, H, and Cauchois, Y, Idem, 192, 1640-1643 (1931) 

Ki Kinsey, E L . Phys Rev (2), 34, 541 (1929) 

KU Kimura, M , and tJehida, Y . lap J. Phys . 5, 97-101 (1928) 

Magt Magat, M, Compt rend, 196, 1981-1983 (1933), Mag’, Jour, de Phys (7), 5, 
347-356 (1934), Mag", Idem. 6, 64S-65S (1911) 

Me» Meyer, E H L, Physik Z. 30, 170 (1929), Me*, Idem, 31, 510-511 (1930), 
Me*, Idem, 31, 699-700 (1930) 

MeP Meyer, E. H L , and Port, I , Idem. 31, 509-510 (1930) 

Ni Nisi, k, Jap J Phys. 5, 119-137 (1929), N* Idem, 7, 1-32 (1931) 

Po Pokrowaki. G I, Z Phvsik. 52, 448-450 (1928) 

Re' Rao, I R, Indian J Phys. 3, 123-129 (1928); Re*, Nature. 123, 87 (1929), 
Re*, Idem, 124, 762 (1929) «- Prof Roy toe (London) (A), 127, 279-289 (1930), 
Re*, Nature, 125, 600 (1930)- Re*, Proe Roy Soc (London) (A). 130, 489-499 
(1931), Re*. Phil Mag (7), 17, 1113-1134 (1914), Re*, Proc Roy Soe. (London) 
(A), 145, 489-508 (1934) 

**4 Gerlach, W, Naturmssensehaften, 18, 68 (L) (1930) 

»» Rao, I. R., Proe. Roy Soe (London) (A), 145, 489-508 (1934) 
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Table 153 — (Continued) 


Ry‘ Kamaswamy, C, Indian I Phyt, S, 193-206 (1930), Ry*, Nalnre, 127, 558 (1931) 
Se Scgri, £., AtU Aeeud. Linen (6), U, 929-931 (1931) 

Spi Specehu, O , Knova Cun. S.) 7, 388-391 (1930) , Sp>. 9, 133-137 (1932). 

* These values are printed as 6642, 467, which are not self-consistent It seems 
likely that there are two typographical errors , a 6 for a zero, and a 4 for a 1. 


Table 154. — Abridged Raman Spectrum of Water 

In this table the values that in the compiler’s opinion may refer to the 
same band are connected by braces ; in the case of the two prominent bands, 
centered near 8p = 1650 cm*^ and 3400 cm'^, only the extreme values and 
certain others of special interest are given, and the references in the 
"observer” columns apply to the band and not especially to the individual 
value on the line with them, except tliat the two “no’s” on the line with 
ip = 3610 indicate that the maximum placed by several near 3610 was 
sought but not found by those observers. In the “observer” columns, 
r = recorded, no = sought but not found 


Obierver* 


u 




CRi 

Bu HuC 

Mag*9 

Mise 

60 

160.7 


r 





1401 

1 71.4) 






Se 

144J 

[ 69 4 






Hi' 

172 

1 581 


r 





17S 

57 1 





r 


200 

500 





r 

Hi* 

340 

29 4 






De 

440 

22.7 






Hi* 

500' 

1 20.0'1 





r 

Hi* 

510 

r i5».6 


r 





550, 

1 18 2j 



r 




5501 

1 18 2( 



r 




600] 

1 16.7( 





r 


700' 




r 


r 


740 

^ 135 





r 


780, 

1 12 8j 


r 





1627 

6.15 






Hi* 

1645' 







1659 

- 6 03 


r 

r 


r 

KU, Hi* 

1705, 

2130' 

4.69 





r 


2135 

4.68 





r 


2150 

4 65 


r 




Hi* 

2170 

4.61 

J 





Hi* 

2355(?) 4 25 (?) 





GaV 

3084'! 

3 24 






3195 

3.13 







3221 

3400 

3.10 

- 2 94 


r 

r 

r r 

r 

Many 

3582 

2 79 







3610 

2.77 




no 

no 


3630j 

2.75, 






3990 i 

2.50 

) 

r 





4023 

2.49 





r 


5090 ; 

1.96 

I 




r 


5100 

1.96 





r 


5502 

1.81 






GaV 
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Table 1S4 — (Continued) 


Obierver* 


Ong ^ 

tv 


Bo> • 

CRi Hu 

HuC 

Mags*> 


6042< 

' 1 66‘ 




C 

6747 

1.48 


r 


no 

c 

7246 

1.38 


r 


no 


7729] 

t 1 29 

] 


r 



7757] 

\ 129 

1 

r 


no 

c 

8200] 

I 1.22 

1 

r 


n) 


8243] 

[ 1 21 

► 

1 


r 


c 

8660 

1.12 


r 


no 


8703 

1 15 



r 


c 

9175) 1.09] 

9223J 1 08] 

1 

r 

r 

no 

c 

9569 

1.04 


r 




10039 

1 00 


r 




10151 

0 98 



r 

no 

c 

10635 

0.94 


r 




10944 

0 91 


r 




11264 

0.89 



r 

no 


• Observer : Misc = miscellaneous observers For significance of the symbols 
designating the observers, see references in Table 153 

• Origin of the line. See Table 153, note a 

• See note d in Table 153 


Electron and P-xay Luminescence of Water. 

High-speed electrons, such as yS-rays, exate in water the same kind of 
luminescence as do y-rays (p 304). Its intensity is not reduced by the 
common quenchers of fluorescence, nor by heating , it is partially polarized, 
the electric vector being parallel to the path of the electrons ; its angular 
distribution is unsymraetrical, being much more intense in the direction of 
motion of the electron than in the reverse direction.*'** I. Frank and 
I. Tamni®*^ seek to explain this asymmetry in terms of electrons moving 
with velocities exceeding that of light in the medium (here water). 
Cerenkov®*®'*’ reported the following relative values of the inten- 

sity (I) of the light emitted at an angle if> with reference to the direction 
of motion of the exciting electrons: 

4, 0" 15° 30° 37.5° 45° 60° 75° 90° 

/ 63 68 73 53 31 12 5 6.0 3.4 

Mechanical Luminescence of Water. 

In 1934 H. Frenzel and H Schultes *** announced that redistilled water 
luminesces under the action of ultrasonic vibrations, but that degassed 
water does not. L. A. Chambers,**® using a frequency of 8.9 kc/sec 
observed such luminescence by 14 pure substances (including water) and 
some solutions, but none by 22 other pure substances. He has reported 
that the intensity of the luminescence varies "inversely with the tempera- 
ture” and directly as tuq, ft being the dipole moment and q the coefficient of 

Cerenkov, P. A. (Techerenkov), Campt rend Aead Sn URSS, 14, 101-105, 105-108 (1937). 

Frank, I , and Tamm, I., Idem , 14, 109-114 (1937) 

mb Frenzel, H, and Schultea, H, Z phynk. Ckem (B), 21, 421-424 (1934) 

<»(3iambera, L. A, J Chem’l Pkyt . ^ 390-292 (1937) -» Pfcyi. Rev (2). 49, 881 (A) (1937) 
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viscosity of the substance There is no visible luminescence if 10* V? <1-94 
cgse. The light “originates in cavitated areas or at the surface of the cavi- 
ties.” Similar observations have been made by V. L. Levsin and S. N. 
Rzevkin.*®** They regard the light as an effect of the electrical potential 
differences that arise when the cavity is formed. They state that the light 
first appears at the liquid boundary, usually the lower, increases gradually 
in intensity and extent, until the entire volume of water is luminous, lasts 
for a time, and then abruptly vanishes 


40. Preparation of Dust-free Water 


It IS difficult to obtain a liquid free of suspended particles — exceedingly 
difficult in the case of water, much less difficult in the case of more mobile 
liquids. Various methods have been used and described in some detail by 
the workers here noted.*®* 

By taking extreme precautions, Lallemand attained partial success with 
distillation Spring did not succeed with distillation, obtained some success 
with filtration through animal black, and success with both electrical sepa- 
ration (cataphoresis) and gelatinous precipitation (envelopment) Biltz 
obtained his best results by precipitation with Zn(OH) 2 , but found filtering 
through unglazed porcelain (Pukall filter) to be fairly satisfactory. Martin 
used repeated distillation tn vatuo and without ebullition, fractional distilla- 
tion in the same manner, envelopment, and cataphoresis In his first paper, 
he reported that the remanent luminescence of water “is constant in inten- 
sity irrespective of the method of purification employed ” In his second 
paper he stated that he believes this to be the first conclusive evidence for 
the scattering of light by pure substances In that paper he also stated that 
the use of quartz vessels led to no improvement Garrard has said that 
if there is no ebullition — no bubbling or bumping — during the distillation 
iH vacuo, neither the actual temperature at which it is done nor the differ- 
ence in the temperatures of the boiler and receiver affects the efficiency of 
the process for the removal of motes , that it is impossible to get dust-free 
water if the receiver contains either a piece of copper, or of vulcanized 
rubber, or a few cm® of mercury; that if the receiver containing dust-free 
water is shaken, the water “is invariably contaminated again with motes,” 
and that such recontamination is not prevented by shaking, rinsing back, 
and redistilling even as many as 20 times, and the same is true if the receiver 
IS of quartz. 

Sweitzer did not obtain satisfactory results with either ultrafiltration or 
centrifuging at 30 000 r.p m , but did with envelopment The least timp 
for clearing when aluminum hydroxide was used as enveloper was two 


■‘•Levsin, V. L, snd Rievlcm, S N. (Lewscbin and Rscbevkin), Corntt rend Acad. Sci 
URSS, 16, 399-404 (1937) ' 

•n Lallemand, A , Ann de chm 2L 200-234 (1871), Spring, W. Esc trav ckim 

Paye-Btts, 18, 153-168 (1899), Blitz, W, Nackr Get Wus Cothngen (Math-Phyt ), 1904, 300- 
310 (1904), Marain, W H, Trans Roy See. Canada 111 (3), 7, 219-220 (1913), J Phy^l them. 
24, 478-492 (1920); Garrard, J D, Trans Roy Soc Canada III (3J, 18, 126-127 (1924), Sweitzer, 
C W., / Phvs‘1 Chem. 31, 1150-1191 (1927); Schade, H, and Uhfert, H, Kott Z , 51, 65-71 
(1930), and Magat, M., Jonr de Phyt (7). 1. 347-356 (1934). 
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weeks No impairment was observed to result from prolonged standing in 
Pyrex vessels. Schade and Lohfert used the methods employed with suc- 
cess by Spring and by Biltz, and also that employed by W. Gerlach®** 
i.e., repeated distillation from a copper vessel. They state that the last is 
not inferior to the others if proper precautions are taken. They found that 
quartz vessels are not suitable, that water standing in such vessels very 
soon gives evidence of containing particles in suspension, presumably on 
account of solution of the quartz On the other hand, carefully cleaned 
vessels of hard Jena glass were entirely satisfactory. Magat used doubly 
distilled water filtered through collodion 

W. H. Martin and S Lehrman®®® have stated that water distilled in 
lead glass scatters SO per cent more light than that distilled in sodium glass, 
and that the results for sodium glass, for Pyrex, and for fused quartz are 
all alike. 

See also the papers here noted ®®* 

41 Diffraction of X-rays by Water 

When a slender pencil of x-rays is passed through water and impinges 
normally upon a photographic plate, the diffracted rays form upon the plate 
a principal dark ring, outside of which is a fairly uniform darkening which 
IS rather sharply bounded along a ring concentric with the first. A more 
careful study has revealed 4 concentric rings at each of which the darken- 
ing of the plate passes through a maximum (see Table 155) , but only the 
first is prominent The intensities of these maxima, and to a less extent 
their positions, are affected by the absorption of the radiation by the water ; 
W. Giood ®®^ seems to have been the first to attempt to correct his data for 
water for this effect 

J. Thibaud and J J. Trillat®®® have pointed out that, if the incident 
radiation contains both the general spectrum and the characteristic radia- 
tion, there will in general be two systems of rings, one arising from the 
characteristic radiation, and the other from the maximum of the general 
spectrum Their relative intensities will depend upon the thickness of the 
layer of water. For a copper target and 40 kv, both systems will show if 
the water is only 1 mm thick, but only the second if it is 8 mm. 

Explanation of the rings is far from simple.®*® Early observers attempted 
to explain them either as arising from diffraction by neighboring, more or 
less polymerized, molecules ®®^ or as originating within the molecules. At 
that time, R. W G. Wyckoff ®®® inclined to the latter, but stated that the 
data “do not exclude the possibility of their arising from characteristic 

^Martin, W H, and Lehrman, S, J Phys*l Chem, 26, 75-88 (1922). 

Ananthaknulinan, R, Proc* Indian Aead Set, 2, 29-302 (1935); Mant, M, Ann de 
Phvs (11), & 108-193 (1936), Mayer, j, and Pfaff, W. Z anorg allgem Chem, 24^ 305-314 

R , and Malfitano, G, 7 de Chtm Phyt, 19, 32-33 (1921) The last gives some instructions 
i preparation of collodion Alters 
OM Good, W., Helv Phys Acta, 3, 205-248, 436 (1930) 
w Thibaud, J, and Trillat, J J. Jonr de Phys (7), 1, 249-260 (1930). 

»>Amaldi, E, Physik, Z, 32, 914-919 (1931) 
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associations of molecules.” C. V. Raman and K. R. Ramanathan have 
developed a theory accounting for certain of the characteristics of the 
diffraction of x-rays by liquids on the basis of the fluctuations in density 
arising from thermal agitation. H. H. Meyer was of the opinion that 


Table 155. — Periodicities in the Diffraction of X-rays by Water 

d = V^2 sin-j^ = equivalent grating space, = angular deviation 

corresponding to a maximum of the intensity of the diffracted rays, A, = 
wave-length Of the x-rays incident upon the water , i °C = temperature. 

When an author reports A and d, but no <^, the values of as computed 
from A and d, are enclosed in parentheses 

J. A. Prins has reported that inside the main ring (d = 3 A) the 
darkening of the plate remains nearly constant until the place correspond- 
ing to d = 17A is reached, beyond which it decreases rapidly to a low 
limit. 

More recently, a maximum between d — 4A and d — 5A has been 
observed, but it is not very pronounced 


Unit of X and of d—lA — lO”* cm — lO"*/! 


X 

^ 

4 


■N / 

d 


. t 

Ref* 

0.712 

13.44" 

24" 


304 

1.71 



ICT 

1.54 

29 

46 


3 07 

1.97 



ICT 

1.54 

27 3 



3 25 




So 

1.539 

(27 9) 

(43 0) 

(71 3°) 

3.193 

2 10 

132 

3 

M 

1.539 

(28 5) 

(42 8) 

(701) 

3 130 

2 11 

1.34 

20 

M 

0 7090 

(13 0) 

(19 2) 

(30 4) 

(46 9") 3 135 

2 13 

1 35 

0 89 20 

M 

1 539 

(28 8) 

(42 8) 

(66.7) 

3 095 

2 11 

140 

40 

M 



3 27 

2 11 



St' 





3 24 

2.11 

1 13 

21 

St= 

1.54 

30 5 

41 


2 93» 

2 20‘ 



G 


‘ References • 

G Good, W™ 

From compilation by WyckofI, R W. G, Ini Cm Tables, 1, 138-353 (351) (1926) 
Values are based upon observations of Keesom, W II , and DeSmedt, J , Proc 
Akad Wtt. Amsttrdam, 25, 1I8-I24 (1922) [X = 0 712], 26, 112-115 (1923) 
rx = 1 54] 

Meyer, H H, Am. d Phynk (5), 5, 701-734 (1930) 

Sogani, C M, Indutn / Phys , !, 357-392 (1927) 

Stewart, G W, Phyt Ktv (2). 35, 1426 (A) (1930); St», Stewart, GW™ 
•After correcting for absorption The other values in the table are not so 
corrected 


ICT 


M 

So 

Sti 


the main ring (d = 3A, see Table 155) arose from radiations scattered 
by adjacent molecules, and the next (d = 2.1) from those scattered by the 

»« Pnns, J A , Z Phynk. 56, 617-648 (1929) 

“Katzoff, S, I Chem’t Phyt . 2, 841-851 (1934). 

“Warren, B. E, / Appt. Phys, 8, 645-654 (1937). 

“Keesom. W. H, and DeSmedt, J, Jour, de Phys (6). 4, 144-151 (1923), 5, 126-128 (1924) 
«■ Wyckoff, R W G , Amer J Set fS), 5, 455-464 (1923) 

“Raman, C V, and Ramanathan, K R, Proe. Indian Ass Cultiv Set, 8, 127-162 (1923). 
“Meyer, H H, Ann d Physik (5), 5, 701-734 (1930) 

“ Stewart, G W., Phys Rev. (2), 37, 9-16 (1931) 

“ Debye, (P , and Menke, H . Phynk Z , 31, 797-798 (1930) 

“Stewart, G. W, Phys Rev (2). 35, 726-732 (1930). 
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constituents of large complex groups of molecules ; while G. W. Stewart 
thought both of them arose from a single kind of molecular group. He 
advocated abandonment of the idea of an association into groups of a few 
molecules each, and its replacement by that of what he termed the cybotactic 
condition. In that condition, groups of hundreds or thousands of mole- 
cules have temporary existence, with ill-defined boundaries, and have a 
certain internal regularity. This accords with the conclusion of P. Debye 
and H. Menke,®®* that liquid mercury has a kind of quasi-crystalline struc- 
ture. Evidence for the existence of the cybotactic condition in liquids has 
been summarized by G. W. Stewart.®*® 

Table 156. — Diffraction of X-rays by Water: Intensity and Effect 

of Temperature ®®® 

I is the intensity relative to that (taken as 100) corresponding to di at 
the same temperature, d = equivalent grating space. 


Unit of cm Temp,»/®C 


t 

di* 

It 


It 

di 

/• 

3 

3.193 

100 

2.10 

21 

1.32 

5 

20 

3 130 

100 

2.11 

18 

1.34 

S 

40 

3 095 

100 

2 11 

14 

1.40 

5 


Uncertainty ^0 003 =*=0.01 =*=0 03 

•GW Stewart has reported that, as t increases, di decreases at the rate of 

0 0014A per 1 °C, A increases, and at higher temperatures (above 40 'C) the maxi- 
mum corresponding to A vanishes. His observations extended from 2 ‘C to 98 'C. 

S Katzoff"* has reported that changing the temperature from 3 'C to 90 'C does 
essentially nothing to the diffraction pattern beyond reducing the prominence of its 
features B E Warren "" has stated that the distance between adjacent O’s increases 
from 2 9A at 1 S °C to 3 OA at 83* C This corresponds to an increase of about 

1 in 10 in the specific volume, whereas the actual change (Table 94) is only 3 1 in 100 


42. Absorption and Scattering of X-rays and of y-RAvs by Water 

Until quite recently, it was thought that in their passage through matter 
such high-frequency electromagnetic radiation as x-rays and y-rays disturb 
the massive nuclei of the atoms but little, their direct effects being restricted 
to an interaction with the extra-nuclear electrons. But now it is known 
that they excite the nucleus, which subsequently emits certain characteristic 
radiations L. H. Gray and G T. P Tarrant ®®‘ have reported that this 
characteristic radiation from water consists of two components ; for one, 
the coefficient of absorption in lead is /tpb = 0-85 cm"^ ; for the other, 
/jiPb=1.96 cm"*. 

The gross amount of energy expended in exciting the nuclei is, how- 
ever, small as compared with that involved in the interactions between the 
radiation and the extra-nuclear electrons. Consequently, only the latter 
will be considered in the rest of this section, which accords with what has 
been the usual treatment of the subject. 

The interaction between the radiation and an extra-nuclear electron may 

•"Gray, h H, and Tarrant, G T. P , Proc Roy See (Lonion) (A), 136, 662-691 (1932). 
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TaUe 1S7« — ^Absorption of X-rays and of y-rays by Water 

The absorption by water of x-rays generated by 100 kilovolts is equiva- 
lent to that by lead that is only 0.004 as thick In the region k = 0.1 
to O.SA, the relation between >? and is not linear.®^* The apparent absorp- 
tion (/io) of water for the radiation from Ra-C, perhaps affected by the 
presence of secondary radiation arising from the cosmic radiation, vanes 
with the thickness (jt) of the water as follows 

X 2 5 10 25 cm 

1000/1. 17 25 28 38 cm-' 

For a study of the variation m the quality and the intensity of x-rays as 
they pass through water, and of the way these vary with the size of the 
beam, see F. Vierheller.®^^ 

Except as the contrary is indicated, the following data have been taken 
from a compilation by J A. Gray,®^® which is based upon the work of 
J. Chadwick,®^® J Chadwick and A S Russell,®’'’’^ C. W. Hewlett,®” A R 
Olson, E. Dershem, and H H. Storch,®^* F. K Richtmyer,®*® E. G Tay- 
lor,®®‘ and K. A Wingardh.®®^ 

I = 1 00 - 1 ^ , nn = jiM/pNo , p — density ; M = formula-weight (H 2 O) = 
18 . 015 ; Na ~ number of molecules per g-mole = 6061 X 10 ®“, for the 
significance of other symbols, see text. 



Unitof X— 1A“ 

lO"* cm, of /I 1 cm- 

of < 11 .— 10' 

'*• cm* per molecule 


X 

It 

Itm 

X 

V 


Cosmi<* 

0 00020 

0 0006 

0 340 

0 290 

0 861 

Cosmic® 

0 00075 

0 0022 

0 360 

0 309 

0 918 

Cosmic® 

0 00157 

0 0047 

0 380 

0 330 

0 980 

Cosmic® 

0 00518 

0 0154 

0 400 

0.352 

1 05 

Cosmic®! 

0 0183 

0 054 

0 420 

0 376 

1 12 

00047* 

0 0437 

0130 

0 440 

0 400 

1.19 

Rait° 

0 0472 

0.140 

0 500 

0 500 

1.48 

Ra,® 

0 0558 

0 166 

0.550 

0 600 

1.78 

0 059<', 

0.133 

0 395 

0.586 

0 686 

2 04 

0 too 

0 167 

0 496 

0 631 

0 812 

2.41 

0 no 

0.171 

0.508 

0 709 

1 08 

3.21 

0.120 

0.175 

0 520 

0 783 

1 38 

4 10 

0 130 

0178 

0 529 

0 881 

1 95 

5.79 

0140 

0.180< 

0 536 

0.929 

2 18 

6.47 

0 150 

0183 

0 545 

0 977 

2 52 

7 48 

0160 

0187 

0 555 

1 539 

9 00^ 

26.7 

0.170 

0 190 

0 564 




0.180 

0.194 

0 576 

Stumpen, H, Physik Z , SO. 215-227 (1928J. 

0.190 

0.198 

0 588 

0 158 

0186 

0.55t 

0.200 

0 201 

0.597 

0 211 

0 204 

0.60( 

0.220 

0 212 

0.630 

0 264 

0 238 

0.70, 

0.240 

0 223 

0 662 

0317 

0 280 

0.83t 

0.260 

0 234 

0 695 

0 370 

0 335 

0.99s 

0 280 

0 246 

0 731 

0423 

0J84 

I.14i 

0.300 

0.259 

0 769 

0 475 

0.482 

1.43s 

0.320 

0.273 

0811 

0 56 

0 649 

1.92. 


•The reported apparent coefficients of absorption (/i.) of the ultrapenetratinir 
"cosmic” radiations vary from 0 0002 to 00052“ leiraunK 


•> Found by J. H Sawyer “ for the shower-producing cosmic rays 
* 7-rays from Th-C", filtered through 6 8 cm of Pb “ 
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Table 157 — (Continued) 

'T-rays from Ra-B and Ra-C, filtered through 10 mm of Pb; value given is 
the apparent coefficient. 

* Like the preceditig, except that the filter is 3 mm of Pb 
'i Reported by W. V Mayneord and J E Roberts'*" 

• Using a reflection method and nearly homogeneous x-rays of effective X = 0 14A, 
H Fricke, O Glasser, and K Rothstein "" found m = 0 0256. 

' Reported by H Steps," who used the Cu K„-radiation 


result in ( 1 ) a transfer to the electron of the entire energy of the impinging 
quantum, thus destroying the radiation and removing the electron from its 
energy level ; or (2) a transfer of a portion of the quantum energy to the 
electron, thus removing the electron and scattering the remaining energy of 
the quantum as a quantum of reduced frequency (Compton effect) , or (3) 
an elastic impact in which the electron is not removed, but the direction of 
the path of the quantum is changed All of these reduce the intensity of tlie 
transmitted beam. 

If a unifrequent beam of parallel rays of such high-frequency radiation 
of intensity lo impinges normally upon a slab of material (the absorber) 
of thickness .*■, the intensity (/) of the transmitted beam, at a point far 
beyond the absorber and in the prolongation of the incident beam, is given 
by the formula I = where is called the coefficient of absorption 

The coefficient (j. is made up of three parts, eacli related to one or two of 
the three results already enumerated One (t). called the coefficient of 
fluorescent or of photoelectric absorption, arises from the complete transfer 
of energy mentioned in result (1) ; another (tr„). called the coefficient of 
true absorption due to scattering, arises from the partial transfer mentioned 
in result (2) ; and the third (<r,), called the coefficient of true scattering, 
arises from the scattering or deviation of radiation mentioned in results (2) 
and (3) Thus /* = t + <ro + (7„ which is often written = t + ir, 
<T denoting oa + 

The vacancies left by the removal of electrons mentioned in results ( 1 ) 
and (2) are quickly filled, and that is accompanied by an emission of radia- 


Bruzau, M , Ann de Phyj (10), 11, 5-140 (1929), Rees, W J , and Clark, I, H , Phil Mag 
(7), 16, 691-703 (1933) 

"Rees, W J , and Clark, L H . Bnt J Radwl . 5, 432-444 (1932) 


•TO Schindler. H . Z Phynk, 72, 625-657 (1931) 

•TO Kaye, G W C , and Owen, E A , Proc Phys Soc (London), 35, 33D-39D (1923) 
™ Richtmyer, F K, Phys Rev (2), 21, 478 (1923) 

•TO Hoffmann, G , Phystk Z , 27, 291-297 (1926) 
w‘ Vierheller, F, Physxk Z , 28, 745-757 (1927) 

•TO Gray, J A , /»« Crxt Tables, 6, 8-22 (16, 21) (1929) 

•"Chadwick, J, Proc Phys Soc (London), 24, 152 1 56 (1911-12) 

•TO Chadwick, J , and Rnssell, A S , Proc Roy Soc (London) (A), 88, 217-229 (1913) 
•"Hewlett, C W, Phys Rev (2), 17, 284-301 (1921) 

•TO Olson, A. R , Dershem, £ , and Storch, H H , Idem, 21, 30-37 (1923) 

•TO* Richtmyer, F K, Idem, 18, 13-30 (1921) 

•“Taylor, E G, Idem, 20, 709-714 (1922) 

••• Wingftrdh, K A , Diss , Lund, 1923 


•TO Kramer, W, Z Phystk, 85, 411-434 (1933). See also Myssowsky, L, and Tnwim, L, Idem, 
35, 299-303 (1925); 44, 369-372 (1927); Millikan, R A, and Cameron, G H, Phys Rev (2), 28, 
S51-S6S (1926); Milliku, R A, and Otis, R M, Idem, 27, 645-658 (1926); Millikan, R. A, 
Nature, 116, 823-825 (1925), Proc Nat Acad Set, 12, 48-54 (1926) 
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Table 158. — Angulai Distribution of the Radiation (x and y) 
Scattered by Water 

The various theoretical formulas for the distribution of the scattered 
radiation are all of the form /, = IAF^(l + cos®d), where 1 is the inten- 
sity of the incident radiation, A is the universal constant e*/2ni^c* == 3.96 X 
10"®®cgs electrostatic units, F is a function of B and of the structure of the 
atoms involved, and 0 is the angle between the direction of propagation 
of the incident beam and that of the scattered beam of intensity /». For 
water, the values in the first section of this table, from a compilation 
]. A. Gray,®** were obtained by W. Friedrich and M. Bender,®®® the radia- 
tion being the platinum Ka doublet, X = 0.19A ; they find for ju. the very 
high value 0 236 cm*^. 


» 

(l-|-CO«l») 

' 


s 

(l-(-co»V) 

KU* 

\IuK, 

10* 

1.97 

1.50 

2 95 

90° 

1.00 

1.00 

100 

30 

1.88 

0 90 

1 67 

100 

1.03 

1.02 

1.05 

30 

1.75 

0 94 

1 65 

110 

1.12 

0.98 

1.11 

40 

1 59 

0.92 

1 50 

120 

1.25 

0 96 

1.21 

50 

1 41 

0 96 

1.35 

130 

1.41 

0 97 

1.38 

60 

1.25 

0 98 

1 23 

140 

1.59 

0 98 

1.55 

70 

1.12 

1.04 

1 11 

150 

1.75 

1.01 

1.78 

80 

1.03 

1 04 

1 07 

160 

1.88 

1.02 

194 

X-rays • X 

=0 31 A. Backhurst, I 

Phtl Mag. (7), 321-351 (1934). 



e 

30 

40 

SO 

60 


70 

80° 

/. tl /. w 

1453 

2.044 

1.729 

1.429 

1 220 

1.099 

e 

100 

110 

120 

130 


140 

150° 


1.002 

1.033 

1.107 

1 225 

1.356 

1 484 


Table 159. — Coefficients of Scattering of X-rays and of y-rays 

by Water 

Adapted from a compilation by J. A. Gray.®®^ It is not always possible 
to determine with certainty whether the coefficient found is that of the true 
scattering (cr,) or that of the total scattering (ct) 

Unit of A* 1A»10~* cm, of 9 and 1 cm"' 


X* 

«• 

9 

Soured 

Ra* 

0 0383 


Neukirchen 

0161 


0 185 

Statz 

0 240 


0.206 

Statz 

0 285 


0.170 

Statz 

0 32 

0.198 


Mertz 

0.43 

0.206 


Mertz 

0501 


0.201 

Statz 

0.54 

0.210 


Mertz 

0.66 

0.216 


Mertz 

0.79 

0.228 


Mertz 


•Effective wave-length of filtered x-rays, as defined by the equation = 

14X*", p = density; unit of A*/p = 1 cm'/g, of X = lA = lO"* cm. 

* Sources * 

»W.: NeukUthen, J. «. 106-117 (1921), 

•Gamma rays from Ka-B and Ra-C, filtered through 26 cm of lead. 
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tion characteristic of the atom. In the long run, that emission is uniformly 
distributed in all directions and so might logically be called scattered radia- 
tion, but it is not so called. 

The scattered radiation mentioned in (2) and (3), which is the only 
radiation technically described as scattered, is most intense in a direction 
that coincides, or nearly coincides, with the direction of propagation of the 
incident beam. 

The intensity of the transmitted beam at points near the absorber is 
abnormally great on account of the presence of scattered radiations. At 
distances that are great as compared with the transverse dimensions of the 
absorber, the intensity of the scattered radiations decreases approximately 
as the inverse square of the distance from the absorber, while that of the 
transmitted beam, which by hypothesis is composed of parallel rays, is 
independent of that distance. Values of /t, computed from measurements 
made very near the absorber will be called "apparent” coefficients of absorp- 
tion and will be denoted by nn- 

When y-rays pass through water, the scattered rays showing the Comp- 
ton effect have a wave-length about three times as great as that of the 
incident rays.®*® Additional information on the quality of the radiation 
scattered by water when traversed by x-rays and by y-rays is given by 
W. J. Rees and L. H. Qark®*®, and H. Schindler®™ has studied the 
secondary radiation excited in water by the “cosmic” radiation. 

43 Absorption and Transmission of Radiation by Water 

(For x-rays, y-rays, and cosmic radiation, see Section 42; for 
corpuscular radiation, Section 26; for scattering, Sections 39 

and 47.) , 

The fraction of the incident radiation transmitted by a given layer of 
water depends upon the amount laterally scattered by the water, as well as 
upon the amount truly absorbed, i e , converted into another form of energy. 
But the distinction has seldom been observed in reporting experimental 
data, the entire reduction in intensity being generally described as absorp- 
tion. In some cases there is no necessity for maintaining the distinction, 
the scattering being experimentally negligible , but in other cases such is not 
the case. 

Information regarding the scattering of radiation will be found in Sec- 
tions 39 and 47, on luminescence and on the color of water, respectively ; 

Sawyer, J H , Fhyx Rev (2), SO, 25-26 (1936). 

"•Chao, C. Y, Proc. Nat. Acad Set, 16, 431-433 (1930). 

"•Mayneord, W V, and Roberts, J E, Nature, 136, 793 (L) 1915) 

■aiFrieke, H., Gl.'isser, O, and Rotbstein, K, Pkye. Rev (2), K, 581 (1925) 

Steps, H., Ann d. Pkysdt (S), 16, 949-972 (1933). 

•■Gray, J. A., Int. Crit Tables, 6, 8-22 (19) (1929) 

Friediicb, W., and Bender, M, Ann. d. Pkysik (4), T3, S05-5S3 (1924). 

»>(Rny, J. A, Int. Cnt. Tablet, 6, 8-22 (17) (1929). 
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that for absorption and transmission, with or without scattering, will be 
given here. 

Pure Water.®“ 

The transparency of water is practically limited to the range A = 0 17 
to 1.0 fi. Within that range the transmissivity is great except near the 
limits, but outside it the absorption is very great until in one direction 


Table 160. — Monochromatic Absorptivity of Water 
(For x-rays and y-rays see Table 157.) 

The As, Dr, Kr, Ow, RA, and RL data have been taken directly from 
a compilation by J. Becquerel and J Rossignol,®®* who attribute the RL 
data to D. A Groldhammer.”®® The As values beyond A = 0 75 /t correspond 
to the successive maxima and minima as repiorted by him , values in paren- 
theses do not appear in the I C T 

A. Esau and G. Baz ***• have studied the absorption of water in the 
range A = 2 8 to 10 cm, presenting the data graphically. 

I = where x is the length of path, in water, that corresponds to a 
reduction m the intensity of a beam of parallel rays from 7o to 7 


Ref •-» 
Vear-^ 

low 

Umt of X« 

Kr 

1901 

la (m last section, 1 cm) , of 6- 1 cm*' 

Kr. Ts Ho 

1901 1928 1933 

fnnx 

Room temp 

DH 

1934 

Ha** 

1935 

1796 





' 

182.9 



242 « 



185.4 



111 



186 

58.4 

68 8 



93.0 

186.2 



86 



187.8 



48 


* 

190 





30 0 

1916 



20 



193 

14.0 

16.6 




193.5 



16 * 



198.0 



94 



199.0 



83 



200.0 

7.9 

90 

73 

80 

2.95 

203.0 



5 1 



206 6 



36 



208 4 



60 ® 



210 

52 

61 



1.45 

210.4 



33 



214.6 



4 . 6 ® 



218 8 



4 1 ® 



220 

48 

57 

3 6 ® 6.4 

33 

0.86 

230 

29 

34 



0-47 


";SJr.‘^li'“Vs.l7^7 0934)^**"“ (1917). 'ntwon. L hV E® b f oJS'X" 

Leifaon, S W , Astnph J , 63, 73-89 (1926) 


■•Schaeffer, E J , Paulua, M G , and Jonei, H. C, Physik Z . 15, 447-453 (1914) 
"■ Becquerel, J., and Rossignol, J , /«» Crrf Tables. 5, 268-271 (1929). 

■• Goldhammer, D A . "Dupersion und Absorption des Lichtes,” Leipzig, 1913. 
“■Esau, A, and Baz, G, Physxk Z, 38, 774-775 (1937). 



43 WATER ABSORPTION AND TRANSMISSION 


327 


Table 160 — (Continued) 


Year-* 
10*X y 

Kr 

1901 

ICr* 

1901 

Ts Ho 

1928 1933 

'1^ 

DH 

1934 

Ha *' 

1935 

240 

2.7 

3.2 

4 8 

1 35 

0.29 

250 





0.25 

260 

2.2 

2 5 

3.7 

0.92 

0.21 

280 



2.5 

0.77 

0.12 

300 

1.3 

1.5 

2.1 

0.64 

0.09 

320 



1 6 

0.43 


340 



0.9 

0.28 


360 



09 

0.19 


380 



0.9 

0 13 


400 



05 

0.08 



For range X = 310 to 800 m/t see Table 161. 

Ref •-* Ab Co Dr PI 

Year-* 1895 1922 1924 1924 

X k 

0.745 


0.044 

0.845 


0 044 

0.850 


0.069 

0 900* 


0.0161 

0 950 


0.0311 

0.970 

0.448 


0.980 


0.142/ 

0.995 0.416 


0 472 

1.05 


0.368 

1.085 


0 333 

1.095 0.188 

1.13 0.29 


0.60 

1.17 


1.12 

1.20 

1.22 


1.21 


1 30 1 28/ 

1.243 1.22 

1.25 (1.21) 

1.281 (1 17) 


r .24 

1 30 (1.20) 


1.48 

1.35 (1.61) 


2.14 

1.40 (23.4) 


3.05 

1.44 

2.94 


Ref •-» 

As 

RL 

Yeai-* 

1895 

1909 

X 


t 

2.6 

(190) 

530 

2.8 

2240 

30 


7330 

3 02 

2730 


3.2 

(2590) 

(6640) 

34 


1440 

3.6 


490 

3.93 

204 


4.5 

(447) 

450 

4.70 

545 


5.27 

308 


5.42 

342 


5.47 

335 


5.8 

928 

910 

6.0 

2120 

2140 


Ref ■-> Ab Co Dr PI 

Year-> 1895 1922 1924 1924 

X , k 


1.45 

(36.0) 

20.1 

1.475 

29.9 

1.50 

38.4 

26 4 

156 


15.0 

1 60 

(21.0) 

9.0 

1.677 

(13.6) 

5.2 

1.708 

114 


1.75 

16.0 

75 

1.85 


12.7 

1.90 


31.5 

1.95 


86 

1.956 

125 


1.97 

111 

104 

2.00 

103 

70 

2.08 

42 

35.6 

2.10 


31.6 

2.147 

27.8 


2.15 


24.7 

2.237 

(32) 

19.6 

2.30 

25.9 

2.35 

(61) 

33.0 

2.40 

40.3 


Ref *-* 

Year -* 

X 

Ai 

MS 

i 

RL 

1909 

6.09 

2530 


6.2 

2060 

2000 

6.5 

1040 

1030 

6.73 

870 


6.765 

880 


6.92 

820 


6.955 

830 


7.0 

(820) 

810' 

7.11 

820 


7.275 

845 


7.41 

790 


7.44 

810 


7.49 

800 


7.545 

810 


7.65 

765 
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Table 160 — (Continued) 


Ref*-* 

Year-* 

Aa 

1895 

u 

RL 

1905 

Ref*-* 

Year-* 

Aa 

1895 

RL 

1909 

k 

7.70 

785 


8.38 

695 


7.83 

765 


8.43 

755 


7.88 

775 


8.49 

725 


7.94 

690 


9.0 


700 

8.0 

(766) 

755 

10.0 


705 

8.065 

785 


11.0 


1200 

8.13 

765 


12 


2590 

8.16 

785 


13 


2890 

8.22 

715 


15 


3570 

8.28 

765 


18 


2990 

Ref.*-> 

RA 

RH 

RW 

Ow 

CE 

year-» 

1898 

1910 

1911 

1912 

1936 

X 



k 




24 

52 

61 

63 

80 

83 

100 

108 

117 

152 

314 

Ref *-* Be 
Year-* 1913 

X _ 

Te 

1923 

>46 

>46 

>46 

Za Sc 

1927^ 1933 

990 

460 

Unit of X*i 1 cm, of k— 1 ein~‘ 

Kn RO Ref *-* Be 

1937 1918 Year-* 1913 

423 

242 

Te Za Se 
1923 1927 1933 

1160 

1020 

710 

460 

360 

320 

Kn Ro 
1937 1918 








0 42 

38J 



13 6 

0 38 


OA4 

22.3 



14.0 

0.40 


1.1 

16.5 



14A8 


0.47 

1 5 

15.3 



15.29 


0.45 

1 75 19 4 




18.41 


031 

1.8 

16 1 



19. 

0 47 


27 

10 5 



20 44 


0.36 

3 7 5 84 




23. 

0.170 


480 



3 53 

57 J8 


00261* 

534 



2 92 

63 76 


0.0228 

5 7 2J8 




67 98 


0 0156 

048 



2 11 

74 80 


0.0172 





84.68 


0.0050 

805 



1J3 

98 72 


0 0057 

816 



132 

105 92 


0.0099 

8 80 0 86 



1 17 

128 81 


0.0028 

9 55 



099 

14412 


0 0015 

10.10 



090 

144 50 


0 0033 

10.87 



0 76 

159 66 


0.0014 

11 12 



0 74 

183 80 


0 00018 

11.80 



0 67 

221 17 


000076 

12 6 


0.52 


225 51 


000060 

13.41 



0 56 

242 44 


0.00149 


* References : 

Aichkitiua, E , Aim, d, Phyitk (H'ledJ, 
i, J_ fVn 


As 

CE 


55k 401-431 (1B95) 

- ^ See (London) (A). 154, 
(1935) -» Cartwriaht, C. H., 
— , — . iisasj; loom, us, i»i viy») 

Co Cdlms, J. R.Phyo Rtv (2), 2i 486-498 (1922). 

DH Dawson, L. H., and Hulburt, E. O., /. Opt, Soe. Anur,, 24, 175-177 (1924) 
sedes Hulbiu^ E. O , Idtm, 17, lS-22 (1928). 

Dr Dreiach, T . 2. Phynt, 30, 200-h6 (1924). 

Ec Eckert, E., Pork, pkynk Got , IS, 307-329 (1913). 

Ha Haas, E, Biochom Z, 282: 224-229 (1935) (Temp =24*C). 

Ho Hodgman, C. D., /. OptrSoc. Amor„ 2% 426-429 (1933). 


138-157 

Naluro, 

; Snper- 
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Table 160 — (Coiilmucd) 


Ka Knerr, H. W. Phyt. Stv. (2). 52. 1054-1067 (1937) -» idem. 51, 1007 CA) (1937). 
Kr Kreusler, H , Ann. d Phynk (4), 6, 412-423 (1901). Values as published in Int 
Cnt Tables, see Krc. 

Kre Kr as corrected by the compiler 


That Kreusler’s published coefficients were seriously in error (by a factor of the 
order of 10} was pointed out by E. O. Hulburt,*” and Becquerel and Rossignol multi- 
plied them by 10, gettuig the Kr values. By working backward from Kreusler’s 
coefficients, through his recorded absorptions, the present compiler found that he had 
taken the length of the absorbing column as about 168 cm. For certain substances, 
he used a trough 16 85 cm long, but he states that he used for water a special quartz 
trough that was 20 mm long. Assuming that his reported absorptions are correct 
and that his trough was 20 cm long, we obtain the values given under Kr.. 


Ow 

PI 

RA 

RH 

RL 


Ru 

RW 

Sc 

Te 

T« 

Za 


Owen, D., Electnctan (London), St, 504-507 (1912). 

Plyler, E. K, / Opt Soe, Amer, 9, 545-555 (1924). 

Rubena, H., and Aachkmaaa, E, Ann. d. Physth (Wted), 65, 241-256 (1898). 
Rub»s, H , and Hollnagel, H , Verh. phystk Cos., U, 83-98 (191^. 

Rubens, H, and Lad^urg, E, Idem, 11, 16-27 (1^9). The 1.C..T. gives D. A 
Goldhammer (“Dispersion und Absorption dea Etchtes," Leipzig, 1913] as the source 
of these values 

Rfickert, E , Ann d. Phystk (4), S, 151-176 (1918) 

Rubens, H , and Wood, R. W., Verh. phystk. Gts., 13, 88-100 (1911). 

Seeberger, M , Ann d. Phystk (S), 16, 77-99 (1933). 


(A), 1927, 489-503 (1927) 


" The Ha values refer to 24 °C; absorption varies rapidly with the temperature, see 
Table 162. COs content is of slight effect. 


‘ S. W. Leifson has stated that a thin film of water condensed on a window 
will absorb all radiation having X< 0.179 m; see also H. Ley and B. Arends." 

* In the Ts paper the value for X = 0.1829 m is given as & = 472, which corre- 
sponds to only I/IO of the reported transmission; the value (242) here given accords 
with that transmission. 


*For these values, Ts used commercial distilled water; for the others, redistilled, 
conductivity =6(10'“) ohm‘‘cm'\ The value (1.16) he gives for X-0193 Sm is 
obviously wrong; his recorded absorption leads to ^ — 0.155, essentially 0.16 

'J. Kaplan*" has published a curve showing the following maxima and minima: 


X 0 88, 089 0 89, 0 90 0 91 0.91, 0 91, 0.93 0 93. 0.94 m 

lOOOfe 8 9 6 IS 9 IS 9 15 14 25 


* Pi’s values for X = 0 98 and 1 21 are for water at 0 'C. 

’ Given in the Becquerel and Rossignol compilation "* as ^ = 890, but it was 
obtained from the RL data, and they lead to £ = 808. 

• From X = 50 cm to X = 60 cm there is much absorption, but G Mie *" has found 
that there is no anomalous dispersion if the water is pure, and that traces of glass (7) 
m solution give rise to bands of the type reported by R. Weichmann *“ 


\ becomes of the order of a meter, and in the other it becomes of the order 
of 000005 Ml there being, however, a great gap (017 m>A,> 0 00015 /i) 
in which no data are available. A thin film of water condensed on a window 
absorbs all radiation for which A < 0 18 m : a layer 1 cm thick absorbs 
38 per cent of the radiation of X = 0.995 m (^ = 0.472 cm'^), and 95 per 
cent of that of \ = 1 4 pi {k = 3.05 cm"^), and a layer only 10 /i thick 

•"Hulburt, E. O, /. Opt. Soe. Amer. IT, 15-22 (1928) 

»Ley, H, ind Arendz, B, Z. phystk. Chem (B), 4, 234-238 (1929) 

Kaplan, J., /. Opt Soe. Amer., 14, 251-256 (1927) 

•MMie, G., Phystk Z. 27, 792-795 (1926). 

an Weichnium, R , Ann. d. Phytih (4), 66. 501-545 (1921) -» Phystk Z , 22, 535-544 (1921) 
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absorbs 9.0 per cent of that of A. = 2 8 /t (fe = 2240 cm"^). From k = 0.4 
to 0 52 the transparency is great. 

It has been found that, whereas aqueous solutions of salts that do not 
form hydrates absorb nearly the same as does a layer of pure water of the 
same thickness as the water m the sample of solution under examination, 
those of salts that form hydrates absorb less than do such thicknesses of 
pure water 


Table 161. — Monochromatic Absorptivity of Water in the 
Range A = 310 to 800 m/i. 

The As, Au, and Ma data have been taken directly from the compilation 
by J. Becquerd and J Rossignol ; the Ew data come from the same 
source, but each value has been multiplied by 2 303, so as to reduce the 
values to the basis used m this table. The value in parentheses does not 
appear in the I C.T. 

I = where x is the length of the path, in water, tliat is needed to 

reduce the intensity of a beam of parallel rays from 7© to 7. 





Umt of X — 

1 ni/4*10"’ cm, ot k^i cm** 

Room temp» 



Rrf •-» 

Bw 


Au 

Aua Pi Ma 

Sa 

LS 

Ho 

DH 

Vear-» 

1895 

1895 

1904 

1904 1918 1922 

1931 

1932 

1933 

1934 

X 









a r 

310 





840 




313 





690 




320 





580 


1600 

430 

325 





512 




300 





461 




340 





382 


900 

280 

360 





281 


900 

190 

370 





200 




380 





148 


900 

130 

400 





72 


500 

80 

415 

81 




46 




420 

74 




41 




430 

S3 




30 




436 




12 





440 

37 




23 




450 

28 

20 



18 




460 

25 




15 




470 

28 



34 

15 




480 

30 

20 



15 




490 

32 


2 


15 




494 




30 





500 

35 

20 



16 

200 



510 

37 

22 



17 




520 

41 

18 

2 

20 

19 




522 




30 





530 

44 

8 

3 


21 




539 




22 





540 

48 

9 

11 


24 



40 

546 




34 





550 

S3 

36 

26 


27 

150 



557 




56 





558 




36 







43. WATER: ABSORPTION AND TRANSMISSION 


331 


Table 161 — (Continued) 


Ref 

Ycar-> 

Bw 

1895 

As 

1895 

Au 

1904 

Au« 

1904 

Pi Ma 

1918 1922 

Sa 

1931 

LS 

1932 

Ho DH 

1933 1934 

560 

62 

30 

40 



30 



570 

76 

20 

43 



38 



578 





64 




579 




78 

56 




580 

97 

26 

50 






589 





96 



140 

590 

161 

78 

89 



85 



600 

246 

160 

165 


165 

125 



602 




188 





607 




224 





610 

272 

190 

220 



160 



616 




264 





618 





206 




620 

285 

212 

240 



178 



630 

299 

224 

250 



181 



636 





225 




640 

315 

235 

275 



200 



643 




309 





648 





236 




650 

340 

250 

305 



210 



658 




339 





660 

373 

280 

325 






663 





245 




670 

421 

300 






340 

680 

485 

340 







690 

575 

400 






390 

700 

690 

550 





450 


710 

890 

790 







720 

1080 

1150 







730 

1310 

1750 







740 


2300 







750 


2410 





3000 


775 


(2410) 







800 


2040 








G Hufner and E Albrecht ““ reported the following values for bands of width 
centered on the indicated X. Temperature was 17 to 18 °C 


X 

449 

468 

487 

506 

527 

552 

576 

602 

631 

664 

mtL 

AX 

6 

6 

8 

8 

8 

11 

11 

18 

18 

13 

m/i 

10»fe 

28 

27 

49 

43 

53 

76 

114 

250 

282 

394 

cm“’ 


• References 

As Aschkinass, E , Ann d Phystk (Wted ), 55, 401-431 (1895) 

Au V Aufsess, O F, Ann d Phystk (4), 13, 678-711 (1904) 

Auc Aq as corrected by DH 

DH Dawson, L H, and Hulburt, E O, / Opt Sqc Amcr , 24> 175-177 (1934) Super- 
sedes Hulliurt, E O, Idem, 17, 15-22 (1926) 

Ew Ewan, T, Proc Roy Soc (London) (A), 57, 117-161 (1895) His published values 
of e are defined bv the rdatjon / == /o(10)-**, cf Ewan, T, Phil Maff (5), 3^ 
317-342 (1892) The compiler has multiplied each of them by 2 303 so as to reduce 
them to the basis of this table The values given in Ini Crit Tables arc incorrect, 
being c, not k 

Ho Hodgman, CD, / Opt Soc Amer , 23, 426-429 (1933) 

LS Lange, B, and Schusterius, C, Z physxk Chem (A), 1S9, 303-305 (1932), 160, 
468 (1932) 

Ma Martin, W H, / Phys’l Chem, 26, 471-476 (1922) 

Pi Pietenpol, W B, Trans lViscons%n Acad Set, Arts, Let, 19i, 562-593 (1918) 

Sa Sawyer, W R , Contrib Canadian Biol (N S,), 7, 75-89 (No 8) (1931) 


Hfifner, G., and Albrecht, C, Ann d Phystk (IVtad,), 42, 1-17 (1891) 
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Table 162. — ^Absorptivity of Water: Effects of Pressure 
and Temperature 

J. R. Collins has found that changing the pressure from 120 atm to 
5000 atm produces no change in the absorption of water in the range 
X = 071 to l.OS fi. 

He has also found that an increase in temperature shortens the wave- 
lengths at which the absorption has maxima, and changes the coefficients of 
absorption corresponding to the maxima. E Ganz has confirmed 
Collins’ observations on the band at X = 0 77 He seems to state that 
the coefficient of mass absorption (k/p) for any fixed X varies linearly with 
the temperature for each of the bands X = 0.77 p. and X = 0 84 /*, p being 
the density of the water ; but he may mean that k so varies. 

Using X = 12.6 cm, M. Seeberger *®® found that the absorption decreases 
rapidly as the temperature rises. 

7 = 7oC-'“. 

Unit of Xmas iM% ot ktnm* &nd cm~>i temp 

I. J. R. Collins ®« 


XmtK 

- 0“C , 

Imax 

Xiiiax 

95 »C , 

km%x 

0 lo « 

AXmax 

)5 , 

0.775 

0 0280 

0 740 

0 0380 

-0 03S 

0 0100 



0 845 

0 0472 



0.985 

0.430 

0 970 

0.606 

-0 015 

0 176 

1.21 

1 28 

1 17 

1 38 

-0 04 

0.10 

1.45 

29 8 

1 43 

28 7 

-0 02 

-1.1 

1.96 

108 

1 94 

108 

-0 02 

0 

II 

M. Seeberge 

i-.«®« X = 126 

cm. 




l 

15 5 

16 30 

50 



k 

0 53 

0 52 0 28 

0 09 


HI. 

E. Haas ®®t 

Illustrative 

He concludes that this increase in k i 

It due to the increase in the dissociation of the water 


innn\_a. 

10A 




t 

' r- 

k 


k 

’ 

17 


0.670 

0.690 

0.280 

0.295 

37 


0.930 


0 420 

0 420 


Table 163. — Total Transmissivity of Water 

As the absorptivity of a substance vanes with the frequency of the 
radiation, numbers expressing the total transmissivity are of significance 
only with respect to a specified source of radiation and to a specified thick- 
ness of the substance. 

In the following, r is the transmissivity for radiant energy, and n is that 
for light. If I and 7© are the energies of the transmitted and of the incident 
radiation, respectively, and if L and Lo are the corresponding luminous 

«» Colliim, J R, riiv* Kcv (2), », 105-11 1 (1930) -tJ5, 1433 (A) (1930) 

«* Collins, J R , Idem, 26, 771-779 (1925) 

“Gam, E., Ann d Phystk (5), 2C, 331-348 (1936)«-Di«, Munchen, 1936 
“ Seeberger, K , Ann d Physik (S), 16, 77-99 (1933) 

“Haas, E, Btoehetn Z, 282, 224-229 (1935). 
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Table 163 — (Continued) 

intensities, then t = 100 ///q and tj = 100 L/Lq. The temperature of the 
radiating source is t°C = T°K; the thickness of the transmitting layer 
of water is x. 


Umt of Xal csi;otX— lf>— of t and t|>1% 

I. Ideal radiator: “Black-body.” 


1 

T 


( 


r 

300 

2.9 


720 


15.2 

370 

40 


730 


15.3 

475(?) 

5.3 


760 


15.7 

540 

9.0 


810 


18 1 

560 

99 


820 


18 7 

580 

10 3 


870 


20.6 

625 

11 4 


933 


22.8 

670 

13 3 


940 


23 0 

680 

13.1 


960 


23 6 

685 

13 8 






^ i 




T 

T 

ri 

T 


ri 

2400‘ 

22 5 

99 90 

0 


98 96 

3600° 

50 

99.92 

31 5 


99 16 

SDOO-* 

69 

99.93 

54 


99 26 

II Various 

sources 







01 02 

05 

1 0 

2 


T 





Iron 

1000 

31 14 

05 ' 

0 25 

O.K 

Carbon 

2150 

35 28 

20 

15 

11 

Tungsten 

2970 

66 59 

51 

43 

36 

Sun 

— 

85 81 

76 

71 

65 

(We)« 


0 0019 


0 003B 

Source 

Filter 

X* 


r — 


Welsbach mantle 

None 

107 



20 0 

Mercury arc 

None 


55 5 


33 0 

Mercury arc 

2 mm quartz 

603 


38 4 

Mercury arc 

Cardboard 

310 

62.7 


39 8 


“ References 

Br Brown, S L, Pfcjrj Rev (2), a. 103-106 (1921) 

tC Forsythe, W E, and Chrutison, F L, / Opt Soc Amer , 21, ISO (1931) 

ICT Comiiilation by Walsh, j W T. and Buckley, H, Int Cnt Tablet, S, 264-268 
(1929), based inon Aaclikmass, Ann. d Phynk (IVied ), SL 401-431 (1895), 
V Aufsess, O F, Diet, Munich, 1903 Ann d Pkvttk (4), 13, 678-711 (1904), 
and Ewan, T, Proc Roy Soe (London) (A), ST, 117-161 (1894) 

We Weniger, W, / Opt Soe Amer, 7, 517-527 (1923) 

* Corresponds to a tungsten filament vacuum lamp burning at 9 lumens per watt 
° Corresponds to a plain carbon arc 

'* Appr<)ximately noon sun-light. 

• This is the wave-lengith of the principal radiation 


Table 164. — Penetration of Solar Radiation into Water 

Computed by W. Schmidt on the basis of the coefficients of absorp- 
tion as determined by Aschkinass,®®® and the distribution of energy in the 
solar spectrum. AH values for the radiation refer to energy, none to 
luminosity. 

•■Schmidt, W., Slit. Akad. Wist. Wien (2A), 117, 237-253 (1908) 

•■ Aschkinass, Ann d Phyeik (Wied.), ^ 401-431 (1895) 
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Table 16 *.— (Continued) 

A = fraction of total incident radiation absorbed^ by a layer of water 
of thickness x, and lying within the indicated range in wave-length. For 
example. The amount of radiation in the range A = 0.9 to 1.2^ that is 
absorbed from sunlight by a column of water 1 cm thick is 5.60 per cent 
of the total solar energy incident upon the surface of the column. 

T = the rate at which the temperature of an exceedingly thin layer of 
water at the depth x would rise if it retained m itself all the solar energy 
that it absorbs (The incidence is presumably normal.) 



0 Olmm 0 1mm 

Unit of X ~ 1^ 

1mm 1cm 

0 001 mm, of r » 1 per min 

10cm Im lOm 

100m 

00 

02to06 

000 

000 

000 

01 

08 

75 

65 0 

223 1 

237 0 

0 6 to 0 9 

000 

004 

07 

6 3 

548 

230 1 

350 2 

359 7 

359 7 

0 9 to 1 2 

008 

067 

68 

56 0 

170 6 

178 8 

178 S 

178 8 

178 8 

1 2 to 1 5. 

0 54 

4 78 

23 3 

69 5 

866 

866 

86 6 

86 6 

86 6 

1 5 to 1 8 

182 

16 28 

51 0 

80 0 

80 0 

800 

80 0 

80 0 

800 

1 8 to 2 1 

200 

14 05 

25 0 

25 0 

25 0 

25 0 

25 0 

25 0 

25 0 

2 1 to24 

0 84 

6 42 

24 2 

25 3 

25 3 

25 3 

25 3 

25 3 

25 3 

2 4 to 2 7 

0 94 

5 24 

72 

7 2 

7 2 

72 

7 2 

7 2 

7 2 

2 7 to 3 0 

0 19 

040 

04 

04 

04 

04 

04 

04 

04 

Sum 

6 41 

47 88 

140 6 

269 8 

450 7 

640 9 

818 5 

986 1 

1000 0 

T 

6 68* 

^ 69 

071 

0 071 

00071 

0 0008 

0 00008 

0000003 



* Surface layer 


Radiation Filters Containing a Layer of Water. 

A cell 0 5 mm thick containing distilled water and provided with quartz 
or fluorite windows transmits essentially no radiation beyond the approxi- 
mate range A = 0 17 to 1.5 /i, and throughout that range the transmission 
is high except near the limits Increasing the thickness restricts the range 
but slightly. 

In his compilation, K S. Gibson®*® gives the spectral ranges that may 
be isolated by the use of such water filters, either alone or m combination 
with other filters He cites the following users of water filters. W. W 
Coblentz,®** cell.J^0 mm thick with thin quartz windows ; T. Lyman,®*® cell 
0.5 mm thick with fluorite windows, and cell 20 mm thick with quartz win- 
dows ; H. Kreusler,®*® cell 20 mm thick with quartz windows 

Natural Waters. 

The transmission of light by many coastal and inland waters is subject 
to wide fluctuations caused by variations in the turbidity and m the plank- 
ton. The amount of plankton vanes with the season and the weather ; and 
the turbidity with the amount of detritus, sand, and soil, whether brought 
in by streams or surface drainage, or stirred up from the bottom. Measure- 
ments of the transmission and of the effective absorptivity under such con- 
ditions are of no general value, but are of significance with reference to the 

•«> Gibson, K S , 7n« Cnt Tables, 5, 271-274 (1929) 

•uCoWentz, W. W , Set Papers Bur Stand, 17, 725-750 (S438) (1922) 

“■Lyman, T, “Spectroscopr of the extreme ultra-Tidet," 1914 
•>» Kreusler, H . Ann d. Phystk (4), «, 412-423 (1901) 
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actual plankton growth at the place and time considered; many such 
measurements have been made for the purpose of obtaining data for corre- 
lating plankton growth with the illumination existing at various depths.*^^ 

A few illustrative sets of measurements on waters of this kind will be 
found in Table 166. 

O. F. v. Aufsess has published curves showing the spectral absorp- 
tion of the waters from several lakes He was of the opinion that every 
departure of the color from that of pure water is due to the presence of 
foreign bodies, and that variations in the turbidity of a given lake change 
Its color but little. 


Table 165. — Monochromatic Absorptivity of Sea-water 

The following data refer to samples taken from the open sea far from 
land, and at the depths indicated , the effect of scattering is probably small. 
E. O Hulburt studied samples from the Pacific, the Gulf Stream, and 
the Caribbean Sea, and could detect no difference in their absorptivities. 
Tsukamoto concluded that bromides are the cause of the great absorptivity 
for X < 220 m/i The earliest study of the ultraviolet absorption by sea- 
water seems to have been by J L. Soret.®” 

7 = JoC'** ; I is the intensity of a parallel beam of radiation at a dis- 
tance X along the beam beyond the point where the intensity is h, both 
points being in the water. 


Unit of it • 1 cm~‘, of depth — 1 meter, of X •• 1 mu ~ 0 OOlw >= lOA Room temp 


Depth-* 

~ K Tsuka 
Surface 

moto* — 
3m 

15m 

De^th-* 

— E O Hul 
Surface 

hurt* — 
Tap» 
innne 

Dist*' 

212 3 

' 1079 


1247 

254 

' 154 

104 

79 

213 6 

646 



266 

131 

74 

48 

216 1 

160 


361 

280 

90 

46 

35 

217.5 

145 


206 

303 

39 

16 

12 

217.9 


267 


313 

21 

7 

5 

221 0 


58 


366 

30 

2 

2 

221 8 

120 


185 

436 

0.23 


0.12 

226 4 

74 


137 

546 

0.35 


0.341 

227 6 


42 


578 

0.7 


0 640 

231.7 


44 


612 

23 


2.3 

233 6 


70 

118 






• References • 

Hulbert, E O 

Tsukamoto, K , Compt rend , 114, 221-223 (1927) 

* Tap = water supply of Washington, D C ; Dist = doubly distilled water Values 
for Dist and X = 436, 546, 578 were taken from W. H Marttn,*“ and X = 612 from 
O. F. V Aufsess 


•“Rennard, P M L, 7 Chem Soc (London), 60, 2 (1891) «- Jlf4m Soc Biol (Pans), 42, 
288 -H (1890) -> Comet rend Soc Btol (9), 11, 289 (1890), Shelford, V E, and Gail, F W, 
Pid>l. Puget Sound Btol Sta, 3, 141-176 (1922) (Biblioe of 29 entries), Pocile, H H, Set Proc 
Roy Dublin Soc (N S ). 18, 99-115 (1925), Poole, H H , and Atkina, W R G, / Manne 
Btol Assoc Untied Kingdom (N S ). 14, 177-198 (1926), 15, 455-483 (1928) 

«“v Aufsess, O F, Ann d Phystk (4), 13, 678-711 (1904)«-D»«, Munchen, 1903 
”» Hulburt, E 0,7 Opt Soc Amer , 13, 553-556 (1926) * 

•tr Soret, J L, Jour de Phys (1). 8, 145-158 (1879) ^ Arch des set phys et not, 61, 322-359 
(1878), 63, 89-112 (.1S7S) -* Compi rend, 86, 708-711 (1878) 

•“ Martin, W H , 7. Phys'l Chem , 26, 471-476 (1922) 
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Table 166. — Effective Absorptivity of Some Coastal 
and Inland Waters 

Illustrations of the variability of such data when obtained under natural 
conditions. 

J = Joe”**. Layers are specified by the depths of their bounding planes 
below the surface of the water. 


Unit of X» 1 mu, of t — 1 cin~> 


I. Various Waters C D. Hodgman.® 


W»ter*-» 

X 

Di*t 

Ene Tap 

Shftkcr Br 

Br' 

Manh 

Snow 

220 

'*6.4 

134 28 

ISO 

ISO 

99 

99 

101 

240 

4.8 

92 5.3 

106 

92 

60 

69 

58 

260 

3.7 

67 4.8 

78 

69 

44 

55 

46 

280 

2.5 

53 4 8 

60 

S3 

34 

46 

39 

300 

2 1 

41 3.0 

48 

39 

32 

41 

34 

320 

1.6 

34 2 1 

39 

30 

25 

30 

30 

340 

09 

28 0 9 

30 

23 

21.4 

20.0 

28 

360 

0.9 

20.7 0.5 

21.4 

17 1 

18.7 

16.4 

23 

380 

09 

14.3 0 5 

143 

11.1 

15.7 

13.1 

20.7 

400 

0.5 

10.6 0.5 

8.1 

6.4 

7.6 

9.9 

17 7 

II. 

Gunflint 

Lake, Minn. H. A. Erikson.® 





447 

466 500 

529 

545 

563 

581 

623 

lOOib 

1046 

0 740 0.501 

0 357 

0357 

0.322 

0 309 

0 407 

III. 

Sea, total depth = 9 m 

; photographic. 

Martin Knudsen.® 

X“+ 

400 

450 

soo 

550 

600 

650 




innA 




1 to3 m 

t 

0.58 

0.30 

0.16 

0.19 

0 30 

0.38 

3 to5 m 

0.40 

0 27 

0 21 

0 20 

0.28 

0.38 

5 to 7 m 

0.64 

0.39 

0.27 

0.38 

0 49 

0.60 

1 to8 m 


0.300 

0.184 

0.181 

0.275 


IV. 

San Tuan Archipelago. 

Photronic cell with filters B, G, 

and R; 

B transmits from X = 410 to X ■■ 

= 5CX), max. at 465 ; G from X = 

s 500 to 


X = 590 , max. at 540 ; R uniformly from X = 600 to X = 700. C. L. Utter- 
back and J. W. Boyle.® 


Filter-* 

Layer 

B 

G 

inna 

R 

Filter-* 

Layer 

B 

o 

— lOOX — 

R 

Station 1. k constant 


Station 4 


1 to 6 m 

0 248 

0.201 

0.435 

0 to 5 m 

0 232 

0 187 

0.456 


Station 2 k cooitant 

5 to 10 

0 215 

0190 

0.396 

50 to 20 m 

0.338 

0.273 

0 483 

10 to 15 

0.187 

0.171 

0.336 



Station 3. 


15 to 20 

0.213 

0.168 

0.362 

0 to 10 m 

0.265 

0.207 

0 383 

20 to 25 

0.233 

0.202 

0.262 

10 to 15 

0.275 

0.208 

0.378 

25 to 30 

0.216 

0.211 

0 209 

15 to 20 

0 280 

0 223 

0.356 

30 to 35 

0.163 

0 183 


20 to 25 

0.179 

0.210 

0.212 

35 to 40 

0.156 

0.184 


25 to 30 

0.172 

0.206 

0.169 

40 to 45 

0.095 

0.138 


30 to 35 

0.165 

0.188 


45 to 50 


0.089 
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Table 166 — (Continued) 

V. Alaskan coastal waters. Apparatus as for preceding. C L Utter- 
back.® 


Filter-, 

Layer 

B 

G 

look 

R 

Filter-* 

Layer 

B 

G 

KXNk - 

R 


Station H 


' 

station R 


0 to 10 m 

0.165 

0 126 

0 407 

0 to 5 m 

0.322 

0 231 

0 427 

10 to 15 

0.068 

0 120 

0 414 

5 to 10 

0.579 

0.231 

0.457 

15 to 20 

0.087 

0124 

0 287 

10 to 15 

0.391 

0.351 

0.575 

20 to 25 

0.248 

0.116 

0.104 

15 to 20 

0.091 

0.410 

0.271 

25 to 30 

0.400 

0 113 

0.051 

20 to 25 

0.061 

0 234 

0.095 

30 to 35 

0 322 

0 118 


25 to 40 


0.110 




Station SS 



Station CS 

0 to 5 m 

0.558 

0.397 

0.563 

0 to 5 m 

0.166 

0.168 

0.410 

10 to 20 

0.256 

0.172 

0.370 

5 to 10 

0164 

0.169 

0.408 

20 to 25 


0.171 


10 to 15 

0 161 

0 167 



* References 

Enkson, H, A, / Opt Soc. Amer . 21, 170-177 (1933), 

Hodgman, C D , Idem, 23, 426-429 (1933) 

Knudaen, M , Com perm intern Texplor mer, Fubl. de Circons No 76» 1922 
Utterback, C L , Opt, Soc Amer. 23, 339>341 <1933) 

Utterbaeh, C L , and Boyle, J W , Idem, 23, 333-338 (1933) 

•Waters studied* 

Diat — diatilled water; Erie " Lake Erie, Tap ~ water supply of Cleveland, Ohio, drawn 
from Lake Erie, Shaker »Sh^er Lake, Ohio, £r and Br' — two brooks; Marsh ^ water 
from an open marsh, Snow «= melted snow 


Table 167, — Penetration of Daflight into Sea-water 
(Cf. Table 164.) 

I. Absorptivity. Otto Kriimmel “ Based on observations of Regnard 
(citation not given) using a selenium cell , expressed in form / = 
where x is depth beneath surface. Unit ofA’ = lm,offe = l m"^. 

* 1 2 3 5 7 9 11 

k 0124 0.087 0 063 0 043 0 032 0 026 0 025 

ir Visual brightness: Bn = looking horizontally, Bv = looking verti- 
cally upward, Bn observed by W. Beebe and G. Hollister.® and B*- 
computed ** by E O. Hulburt,® assuming the total illumination of the sur- 
face to be 10,000 candle/ft* = 10 764 ca/cm® Unit of B = 1 ca/cm®; of 


depth = 

1 ft. 







Depth 

10>B» 


10*B„ 

Depth 

10>B|| 


10>B.. 

0 



10764 

300 

0 17 

0.17 

17 

50 

11.4 

11 3 

1140 

350 

0 13 

0 125 

13 

(00 

36 

3 66 

366 

500 

0 024 

0 066 

6 

200 

0.4 

0.44 

44 

800 

0 024 

0 014 

1 

250 

0 23 

0.23 

23 





III. 

Spectral distribution of visual brightness at 

a depth of 800 ft. 


the sea, the brightness at the surface being »« ; brightness looking horizon- 
tally = bn, looking vertically upward = unit is arbitrary. Values of 
bv and bn as computed by E O Hulburt ® for sea-water containing no sus- 
pended particles. Unit of A = 1 m/t = 0.001 /i 
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Table 167 — (Couhnued) 


X 

w 

10*bjk 

10>i. 

X 

to 

KHftt 

10<6, 

400 

2.10 

0.00 

0 00 

500 

4 27 

7.40 

7.20 

420 

2.87 

000 

000 

520 

4 25 

2 54 

3 68 

440 

3.55 

0.158 

0.115 

540 

4.19 

009 

0 27 

460 

4 08 

2.30 

1.64 

560 

4 10 

000 

0 00 

480 

4.24 

6.54 

5.12 

580 

3 97 

0 00 

0 00 

500 

4.27 

7.40 

7.20 

600 

3 83 

000 

0 00 

IV. 

Spectral 

composition of light m the 

sea 

Derived by W. 

R. G. 


Atkins from photographic data obtained by Grem m the Mediterranean 
Sea in 1913 and 1914 Designation of colors; R = red, OY = orange- 
yellow, G = green, BG = blue-green, B = blue, BV = blue-violet. 1 ^ 
^e/Ih le and It = intensity of the indicated color and total intensity, respec- 
tively, both at the same depth (d). Umt of d = 1 m. 


Color-* 

i 

R 

OY 

G 

BG 

B 

BV 

1 

96.7 

165 7 

165 7 

165 7 

198.9 

207 3 

5 

0 98 

1 18 

1173 

117.3 

254 4 

508 8 

10 

034 

106 

89 64 

89 64 

282 2 

537 1 

20 

0018 

1.05 

4 68 

17 26 

279 7 

697.2 

50 

0 0025 

0 069 

4 53 

5 04 

486 

504 

75 


0 054 

4 73 

14 2 

193 6 

787 5 

100 


0 0052 

1.56 

1 73 

346 2 

650 8 

200 

500 

1000 

1500 



3 18 
12 27 

8 06 

30 63 

74 6 

37 16 

30 8 
37.31 

952 
920 3 
881.1 
(1000) 


V Yearly means from photoelectric measurements H. H. Poole and 
W. R G. Atkins-s^*® 

(a) No regular seasonal changes in opacity. 

(b) Level of maximum absorption changes during the day, presumably 
from migration of zooplankton. 

(c) Mean value of Ar in / = for the layers 0 to 20, 20 to 
40, and 40 to 60 m, are 0.150, 0 120, and 0111 m'^, respectively. 

(d) For most turbid, k = 0228 m'^; for least, k = 0.06 at depth of 
25 m. 

(e) The percentage of the incident light that reaches a depth of 20 m 
is.6 62, 40 m is 0 72, and 60 m is 0 085. 

(/) Down to 25 m, the horizontal illumination is 0 54 of the vertical 

(g) A Secchi disk is just visible when its illumination is 16 per cent 
of that of the surface of the water. 

• References • 

Beebe, W . and Hollister, G., BM N Y Zool Soc , 33, 249-263 (1930) 

Hulburt, E O, / Opt Sac Amur, 22, 408-417 (1932) 

Krummd, O , "Handb d. Ozeanog ,” Vol 1, 1907 

* Computed on the assumption that the true coefficients of absorption as determined 
by Hulburt are correct, that scattering is caused by thermal fluctuations in the con- 
centration of the molecules, and that in the first 250 ft there is turbidity equivalent to 
one mote 0 1 mm* in sectional area in each cm" of water. The last is introduced in 
order to make the computed values fit Beebe’s observations 
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44. Emissivity of Water 

For radiation of wave-length greater than 1 /a, the absorptivity of water 
is very great (Section 43) and the reflectivity is small (Table 146) , whence 
one may conclude that water will radiate very nearly as an ideal (black 
body) radiator, and that its emissivity will not be much less than unity. 
An experimental determination is difflcult, and until recently there was only 
that of K. Siegl,®*^ which for some reason leads to a value that is surely 
too low. In contrast to that, E Schmidt found that E = 0.985 =±= 0.001 
and does not vary with the temperature of the water, which was varied from 
10 °C to 50 °C Here E is the ratio of the radiation from water to that 
from an ideal radiator at the same temperature (Table 288). He found 
that a layer of water 0 1 mm thick radiates as strongly as does a thick 
layer. 


45. Photoelectric Effects for W'ater 

Two types of photoelectric effect are exhibited by water: one is photo- 
voltaic, and the other has to do with the emission of electrons from an 
illuminated surface of water. 

Photovoltaic Effect for Water. 

R Audubert ®-‘* observed that if one of two metal plates immersed in 
an aqueous solution of an electrolyte is illuminated and the other not, the 
two plates acquire a difference in electrical potential. His investigation of 
this phenomenon forms the subject of a senes of papers ®-* He concludes 
that water is essential to the phenomenon, and that it is photolyzed, i.e., 
separated into O and OH, by the light. 

Photoelectric Emission by Water. 

Using a mercury arc shining through a fluorite window, W Zimmer- 
mann ®*® found that the illumination of a clean, fresh, water surface resulted 
in no emission of photo-electrons, but as the surface aged an emission analo- 
gous to that from solids appeared and grew. This he attributed to dust 
deposited from the air 

On the other hand, W Obolensky,®*® using a spark between terminals 
of aluminum, observed an emission that varied with the filtration of the 
light, and that occurred only for wave-lengths shorter than about A = 
200 m/i. (See Table 168.) Likewise, L. Couson and A Molle®*^ found an 

“•Atkins, W. R G, J. i» Cons Int. Expl Her, 7, 171-211 (1932) 

“•Fode, H H, and Atkina, W R* G , /* Manne Btof. A*spc Untied Kingdom (N S ). 16^ 
297-324 (1929) 

•“Siegl, K, Site Akad Wus Wien (Abt JIa), 116, 1203-1230 (1907) 

“•Schmidt, E, Forsch Gebteie Ingentenm , S, I-S (1934). 

•“ Audubert, R , Compt rend , 189, 800-802 (1929) 

“•Audubert, R, Compt. rend. 189, 1265-1267 (1929); 193, 165-166 (1931); 194, 82-84 
196, 475-478, 1588-1590 (1933); Jonr de Phye. (T). 5, 486-496 (1934), Audubert, R , and 
G, Compt rend, 198, 729-731 (1934). 

“• Zimmermann, W, Ann d Phyttk ( 4 ), 80 , 329-348 (1926). 
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emission when the exciting Iiglit lay in the range A = 200 m/i to 130 ni/i, and 
concluded that it was not due to casual contamination of the surface. They 
suggested that these electrons come from the oxygen in the water molecule. 

More recently, P. Gorlich,®'** using an evacuated monochromator with 
an optical train of fluorspar, has confirmed the observations of Obolensky 
and of Couson and Molle. He has shown that the limiting wave-length at 
which the emission vanishes as k is increased lies between 203 and 204 m/i , 
that it is independent of the actual value of the low conductivity of the 
water, which in his tests was varied from 3 3x 10'® to 3 2x 10"*(ohm-cm)"^ , 
and that it is the same for concentrated aqueous solutions of AgNOs, NaCl, 
Na 2 S 04 , or K 4 Fe(CN )6 as it is for pure water. He also studied the varia- 
tion of tlie emission with the wave-length of the incident light (see Table 
168). 

In contrast to the preceding results stand those of H. Greinacher.®** 
He used an electron counter, a flowing jet of water, and radiation from a 
quartz mercury-lamp, the filtration being 3 mm of fused quartz. Radiation 
so filtered is supposed to contain no wave-length shorter than 220 m,u, yet 
he reported a marked emission of electrons. The water contained air and 
lime. 

Table 168. — Photoelectric Emission by Water 


The ICT data were obtained with light from an Al-spark, filtered as 
indicated and containing no wave-length shorter than Amm , the intensity of 
the emission by CuO when illuminated by the fluorite-filtered radiation 
corresponded to 5 = 40,000. 

For the Gorlich data, I is the intensity of the emission by water when 
illuminated by monochromatic light of wave-length A and of a certain arbi- 
trarily fixed intensity. 


Unit of X ■■ 1 XD^ M lOA « I0~' cm 


ICT« s GOrheh* 


Filter 

Xm ill 

.9 

X 

/ 

Glass 

330 

0 

204 1‘ 

0 

Calcite (CaCOs) 

220 

0 

203 0 

40 

Quartz and air 

177 

11 

198 9 

17.5 

Quartz (SiOi) 

145 

15 

189.9 

50 0 

Fluonte* (C^Ft) 

125 

100 

185.4 

52 0 




176 3 

214 




171.9 

11.1 


• Sources : 


ICT From the compilation by A L Hughe!). Int Cnt Tahlei, 6, 67-69 
on Obolensky, W, Aim d Physik ^), 39, 961-975 (19i2), 

G&rlich. P., Idem, (5), 13, 831-850 (1932). 


* H Greinacher observed an emission when X > 220 mM (see text) 

* Fluorite with not more than 3 mm of air at atmospheric pressure. 


(1929), hosed 


ox Obolensky, W., Aim. d. Phynk (4), 39, 961-975 (1912). 

Couson, L,, and Molle, A, Arch. Set. Pkye. el If at, (S), 1(^ 231-242 (1928) 
•> (Mrlieh, F , Ann d. Phynk (i), 13. 831-850 (1932). 

•» Greinacher, H , Heh>. Phyt, Acta, 1, $14-519 (1934). 
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46 The Spectrum of Water 
(For Raman spectrum, see Section 39 ) 

Under-water Sparks. 

The spectrum of the light from an electric discharge (spark, arc, etc.) 
occurring in water consists of a continuous, and frequently intense, back- 
ground extending far into the ultraviolet ; of lines characteristic of the elec- 
trodes ; in some cases, of the spectrum of w ater- vapor ; usually of lines due 
to hydrogen, but those due to oxygen are absent except in the brush dis- 
charge, where they have been observed by H. Smith B. Setna®*®* has 
reported the presence of the following “water bands” in the spectra of 
under-water sparks: A =7760, 7933, 8226, 8475 A. See also ®®^. 

A brief report on the emission of light by spark discharges in liquids 
has been made by J. A. Anderson,®®® in which other additional references 
are given. The subject has been studied primarily for the purpose of ascer- 
taining how the spectrum of the electrode material is changed by the high 
pressure that exists in such discharges. 

Absorption Spectrum. 

The absorption spectrum of water at a given temperature is indepen- 
dent of the recent thermal history of the water, being the same for water 
from recently melted ice as for that from recently condensed steam.*®® 


Table 169. — Absorption Spectrum of Water 

The approximate position of other, generally less pronounced, bands 
may be determined from the data in Tables 160 and 161, and from the 
curves published by RL ® and Re ® 

Aobi and A™ are, respectively, the observed value of the wave-length of 
greatest absorption and the mean of the better determinations of that wave- 
length ; vob. and vm are, respectively, the reciprocals of Aob» and Am. Only 
the bands of pronounced absorption are represented in the Am column ; and 
the values there given have been taken from EP.“ 

The width and intensity of a band are in some cases indicated by letters, 
b = broad, n = narrow, st = strong, wk = weak 


Unit o/ — I0**cni, of r — 1 cm"* 


((^m) 

Xob* 


Ref* 

0 55 

0 55 

18200 

An 

(18200) 

0 599M 

16690 

MRB 

0 635 / 

15750 

MRB 


060 

16700 

RuLa 

063 

0 655* 

15270 

MRB 

(15900) 

0 656 \ 

15240 

MRB 

0 670 / 

14920 

MRB 


0 700* 

14280 

MRB, Rulai 


Xm. (fm) 

Xubt 

Vtobs 

Ref* 

0 75 

0 745* 

13420 

El'. PI 

(13300) 

0 762 

13120 

Ga 

0 768 

13020 

Mb 


0 77 

12980 

As 


0 842 

11880 

Ga 

0 85 

0 845* 

11830 

El', Ma, PI 

(11760) 

0 89 

11200 

Ka 

090 

11100 

Ka 


«o Smith. H. Pha Mag (6), 27, 801-823 (1914). 

«*>■ Setna, B, Indian J Phys , (, 29-14 (1931) »» tr i t. i. 

ra' Bloch, I. and F, CmM rend. 174, 1456-1457 (19221 . Finger, H, • 

11, 369-376 (1909), Z wia Photog ,7, 329-356, 369-392 (1909): Konen, H, Ann d Phfstk (*), 
», 742-780 (1902): Konen, H, and Finger, H, Z Elektrcck . 15, 165-169 (1909), Livemg, G D, 
and Dewar, J, PM Mag (S), 38, 235-240 (1894); Toriyama, Y., and Shinohara, U., Nature, 132, 
240 (1933). 
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Table 169 — (Continued) 


X.. (v.) 

Xofea 

Pobf 

Refs 


0 915 

10930 

Ka 


0.93 

10800 

Ka 


0973 

10280 

La 

0.98 

0 98« 

10200 

Ma, PI 

(10200) 

0 995 

10050 

Dr 

100 

^■rrrrr^i 

As 

1.18 

1 20 

8330 

Ma 

(8470) 

1 21 

8260 

Dr 

1 315> 

9230 

PI 


1.25 


As 


1 44 

6940 

PI 


1 445 

6920 

BS 


1 45 

6900 

Do 

1 46 

1 47 

6800 

Ma 

(6850) 

1 475 

6780 

Dr« St 

148 

6760 

Gr 


150 

6670 

As, Cb 


1 51 

6620 

Pa 


1 74 

5750 

El* 


1 79 

5590 

El>, Co 


1 93 

5180 

Es 


1 94 

5150 

As 


1 95 

5130 

Ma 


1 954 

5120 

St 


196 

5100 

Do. BS 


1 97 

5080 

Dr 

1 98n 

1 98 

5050 

Gr 

(5050) 

205 

4880 

Cb. Pa 

2 794 

3580 

El* 


2 904 

3450 

El* 


2 94 


Er 


2 95 

3390 

Cb, Ma. St 


Xn. (Pmf 

XobB 

rob* 

Ref* 

2 97 b. St 

2.97* 

3370 

Pa 

<3370) 

303 

3300 

BS 


304 

3290 

Re 


306 

3270 

As, RL 


308 

3250 

Er 


3 30 

3030 

PIC 


466 

2146 

Re 

4 70 wk 

4 70 

2128 

As, Cb, RL, ES 

(2128) 

4 72* 

2119 

Pa 


5 56 

1798 

PIC 


583 

1715 

PIC 


6 05 

1653 

Re 


6 06* 

1650 

Pa 


6 08 

1645 

RL 

6 1 n, St 

6 10 

1639 

A^ AF, Cb 

(1639) 

6 20 

1613 

ES 


68 

1470 

Wi 


7 1 

1410 

AP. RL 


73 

1370 

AF 


82 

1220 

AF 


8 6 

1160 

Wi 


88 

1140 

AF 


95 

1050 

RL 


10 4 

960 

AP 


12 5 

800 

AF 


15 6 

633 

AP. RL 


19 5^ 

513 

El* 


20 

500 

Ca 


20 2 

495 

AP 


60 

167 

Ca 


83 

120 

CaE 


2000 

50 

Te 


7000 

1 4 

Te 


20000/ 

05 

Te 


Region 2 cm to 28 cm IS still to be investigated 

Between 28 cm and 300 cm there are probably no bands (Kn) 
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Table 169 — (Continued) 

‘Sharp edge of band. 

* Pi’s observations refer to 0 °C. 

* These three values are used by £1* in his interpretation of the spectrum, the 

2 79 and 2 90 represent 2 of the 3 Raman-spectrum components corresponding to the 

3 M band , the 19.5 M band "is somewhat hypothetical” and interpreted as arising from 
the mutual vibrations of two (HtO)’s. 

* These Pa values varied with the thickness of the water. 

* For greater values of X, see Tables 177 and 178 


Table 170. — ^Analyses of the Absorption Spectrum of Water 

Uncertainties in the values of the wave-lengths corresponding to the 
maxima of the several bands, and the complexity resulting from the over- 
lapping of bands (see first section of this table), make the analysis of the 
spectrum difficult. Furthermore, there are differences of opinion as to the 
manner in which the vibrations of a molecule are affected by its neighbors 
Some hold that the fundamental vibrations of the isolated molecule (those 
characteristic of the vapor) play no part m the case of the liquid, being 
completely suppressed by the action of neighboring molecules {eg, Errera, 
1937“; Bosschieter and Errera, Compt retid., 204, (1937“)) ; some hold 
that the liquid is a mixture of polymers, each having fundamental vibrations 
of its own (Ellis, 1931 “ ; Cabannes and de Diols, 1934 “ ; Rao, 1934 “) ; and 
others hold that the fundamental vibrations of the isolated molecule remain 
predominant but, perhaps, restricted and with frequencies more or less 
modified, and that to these must be added additional fundamental vibrations 
arising from the bonding of molecules into a more or less definite, though 
transient, structure {e.g., Magat, 1936®). 

Until there has arisen some generally accepted opinion regarding these 
matters, the original articles should be consulted by those interested in the 
interpretation of the absorption spectrum of water Some of the recent or 
more typical of those articles are listed m footnote ® to this table. 

As illustrative of the analyses that have been proposed, those by Ellis 
and by Magat are here given. They are the most detailed. Ellis first inter- 
preted in terms of two fundamentals (A = 2.97 and 6.1 n) all the \alues 
m column Am of Table 169, except A = 4 70 ft. But in order to obtain that 
and the two bands that he discovered at A = 1.79 and 1 74/*, he replaced 
the A = 2.97 /* by two others (A = 2.90 and 2.79 /*) and included a fourth 
fundamental (A = 19.5 /i) . The last is somewhat doubtful, and the two 
that replace the A = 2 97 /* are derived from the Raman spectrum (see notes 
to Table 169). Magat first interpreted the spectrum in terms of three 
fundamentals (A = 2.9. 31, and 6.0/»), and later added 4 other funda- 
mentals arising from the interaction of adjacent molecules. All five of 
these analyses are given below. In Magat’s analyses mi, no, tia have the 
same values in both cases, and are regarded as corresponding respectively 
to the cr, IT, and 8 (see Table 64) vibrations of the free molecule. In Ellis’ 
analyses the frequencies have been so numbered as to correspond as closely 
as may be with the similarly numbered ones in Magat’s. 
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Table 170 — (Coiihjiucd) 

In all cases, the calculated frequency (cv) of a band is given by the 

relation v = nm + « 2 V 2 + where v = 1/A, vi= 1/Ai, . Aj, As, 

being the wave-lengths of the assumed fundamental vibrations, the n’s being 
small integers, and c being the velocity of light. The values of the «’s 
corresponding to each of the calculated A’s are tabulated , the fundamental 
A’s are those for which one n is unity and all the others are zero. I = infra- 
red ; R = Raman spectrum ; “single” = only one of the «’s occurs in the 
calculation of A<.,te ; “comb.” = both «’s occur. Except in the first of Ellis’ 
analyses, all the n’s listed occur in the calculation, each with its indicated 
value. 


Xefas 

6.1 

2.97 

1.98 
1 46 
1 18 

0.98 

0.85 

0.75 


0.63 
0 55 


19.5 

6.1 

4.7 

290 

2.79 

1 79 
1.74 


^lilM 
6.20 
4 70 
3.11 
2.92 
2.80 

1 93 

1.78 

147 

1.42 

1.18 


Unit of X~1 iialO-i cm; of fbI cm-> 


Ellis (1927)* 



Single . 

. Comb 


HI 

fll 

Comb 

R1 

ni 

Rl 

Rl 


Xeale 


0 

1 

0 

0 

6 1 



1 

2 

0 

0 

3.05 

2 97 


0 

3 

1 

1 

2 03 


1 96 

2 

4 

1 

2 

1.52 

145 

148 

0 

5 

2 

1 

1.22 


1.17 

3 

6 

2 

2 

1015 

0.97 

0 98 

0 

7 

2 

3 

0 875 


0 84 

4 

8 

3 

2 

0 765 

0 725 

0.73 


9 

0 

0 

0 675 



5 

10 

0 

0 

0.61 

0.58 


0 

11 

0 

0 

0 555 




Ellis (1931)' 


Ml Ml n, 
0 0 0 
0 0 1 
0 0 1 
0 1 0 
1 0 0 

0 1 1 
1 0 1 


ni 

0 

0 

0 

0 

1 



-Ellis and Sorge (1934)“ 
nt nt R, 

0 1 0 

0 0 1 

0 2 0 

1 0 0 

0 0 0 

1 1 0 

0 1 0 

1 0 1 

0 0 1 

2 0 0 



0 

2 

0 


0 0 
1 0 
1 0 


R| 

1 

0 

1 

0 

0 

1 

1 


Xfi Ic 

I'rale 

6 21 

1610 

469 

2130 

3.11 

3220 

2.92 

3430 

2.80 

3570 

1.98 

5040 

1.93 

5180 

1 80 

5560 

1.75 

5700 

1.46 

6860 

1J9 

7170 

1.18 

8470 

1.14 

8750 


19.5 

6.1 

4.65 

2.90 

2.79 

1 785 
1.745 
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Table 170 — ( Continued) 


Magat (1934)* 


I 

R 


Ml 


Ml 


Ml 


Xeale 

reale 













6 028 


0 


0 


1 


6.028 

1659 


3.105 


0 


1 


0 


3.105 

3221 

2.95 

2.911 


1 


0 


0 


2 911 

3435 

1 95 

1.965 


1 


0 


1 


1.964 

5092 

1.48 



1 


1 


0 


1.502 

6660 

1 20 



1 


1 


1 


1.203 

8310 

0.98 



3 


0 


0 


0.970 

10310 

0 84 



3 


0 


1 


0.836 

11960 

0 77 



3 


1 


0 


0.736 

13590 
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1 R ni 

ni 


Ml 

M< 

Ml 

Ml 

117 

Xeale 

5'eate 


167 0 

0 


0 

0 

1 

0 

0 

167 

60 


66-44 0 

0 


0 

0 

0 

0 

1 

60.2 

166 

19 6 

200 0 

0 


0 

0 

0 

1 

0 

19.6 

510 

14 9 

13 5 0 

0 


0 

1 

0 

0 

0 

14.3 

700 

6.02 

0 

0 


1 

0 

0 

0 

0 

6 02 

1660 

5.85 

0 

0 


1 

0 

1 

0 

0 

5.81 

1720 

5.40 

0 

0 


1 

0 

0 

0 

1 

5 49 

1820 

4 684 

4 684 0 

0 


1 

0 

0 

1 

0 

4.63 

2160 

3 14 

0 

1 


0 

0 

0 

0 

0 

3.05 

3280 

2.90 

1 

0 


0 

0 

0 

0 

0 

2 898 

3450 

2 486 

2 485 1 

0 


0 

0 

0 

1 

0 

2.53 

3950 

1.95 

1 

0 


1 

0 

0 

0 

0 

1.957 

5110 

1 789 

1 

0 


1 

0 

0 

1 

0 

1.779 

5620 

1.47 

1 

1 


0 

0 

0 

0 

0 

1.486 

6730 

1.18 

1 

1 


1 

0 

0 

0 

0 

1.192 

8390 


1 

2 


0 

0 

0 

0 

0 

1.011 

9890 

0.98 

3 

0 


0 

0 

0 

0 

0 

0.966 

10350 


1 

2 


1 

0 

0 

0 

0 

0.866 

11550 

0.84 

3 

0 


1 

0 

0 

0 

0 

0.833 

12010 


1 

3 


0 

0 

0 

0 

0 

0.763 

13110 

0 75 

3 

1 


0 

0 

0 

0 

0 

0 734 

13630 


1 

3 


1 

0 

0 

0 

0 

0.677 

14770 

0.66 

3 

1 


1 

0 

0 

0 

0 

0.654 

15290 


1 

3 


2 

0 

0 

0 

0 

0.609 

16430 
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Table 171. — Effect of Temperature and Pressure on the 
Absorption Spectrum of Water 

J. R. CoUins found no change in the absorption spectrum of water 
when the pressure was increased from 120 atm to 5000 atm, the range 
covered being A = 0 71 to 1.05 /i. 

Collins (1937)® found no marked change in the band at 1.79 ft when the 
temperature was increased from 4 to 137 °C. Ganz (1936)® has reported 
that the intensity of the 077 ft band increases with the temperature, that 
the band near 0.84 /t is scarcely detectable at room temperature, but is well- 
defined and sharp at 87 °C, and (1937)® that the band at 4 7 ft is still 
visible at 84 “C. 

Of historical interest only are the early observations of W. J. Russell 
and W. Lapraik*®® who were unable to detect visually any change in the 
absorption spectrum when the water was heated from 20 °C to 60 °C. 

A = wave-length at which the absorption is a maximum for the band 
considered. 

Unit of X~1 cm 


Colhns (1925)“ 


0“C 


95 "C ' 

Deer 
in X 

0.775 


0 740 

0 035 

0.985 


0.845 

0.970 

0015 

1.21 


1.17 

0.04 

1 45 


1.43 

0 02 

1.96 


1.94 

0 02 
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47. The Color of Water and of the Sea ♦ 

Pure Water. 

Transmitted light — It is generally stated that long columns of pure 
water appear blue by transmitted light. Lord Rayleigh®*® has written 
that W. Spring somewhere stated that in columns 4 or 5 meters long the 
color of pure water is a fine blue, only to be compared with the purest sky- 
blue as seen from a great elevation; but that when the incident light was 
white he himself has never obtained "a blue answering to Spring’s 
description.” 

W. Spring ®^® is positive that the blue color pertains to the water itself, 

♦W D. Bancroft "’ has published a review and summary of many of the earlier 
papers treating of this subject. 

•"CeJIiM, J. R, Phyj Rev. (2). 36, 305-311 WSO) -* Idem, 35, 1433 (A) (1930), 
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and that the presence of suspended matter modifies that color, introducing 
a greenish tint, and in some cases rendering the water colorless, as in some 
lakes. A very small amount of exceedingly small particles of hematite in 
suspension will suffice for the last.®*^ 

From a study of the waters from a number of lakes, O F. v. Aufsess 
concluded that every departure from the blue of pure water arises from the 
presence of foreign substances, and that the color of a given lake is only 
slightly affected by changes in the turbidity. 

In contrast with the preceding we have- (a) the statement of J. W. 
Lovibond that a 4-foot stratum of distilled water is equivalent in color 
to a combination of the Lovibond filters Yellow l.O and Blue 1 45, which 
color is an unsaturated green , and (b) the fact that the values of the 
absorptivities given in Table 161 indicate that the color of a stratum of 
water 20 meters or less in thickness is very definitely green-blue, quite 
similar in hue to that of the spectrum near X = 0.49 /x ®*®“ It should be 
remembered that none of the water usetl in obtaining the data in Table 161 
was really optically empty, even the best being only so dust-free as may 
I be obtained fay repeated distillations (cf. Section 40), and in some cases 
j no correction was made for the effect of the windows 

It has been suggested that the blueness of water arises from the rela- 
tively few molecules of ice that are dissolved in the water Such was the 
opinion of J. Duclaux ®^‘‘ He regarded pale green as the color of hydrol 
Itself, and suggested that a study of the variation in the color of water w'lth 
the temperature might yield data from which the relative proportions of 
the two polymers (ice and hydrol) could be computed This is m line with 
Barnes’ statement that the color of the St I^wrence River changes as 
freezing becomes imminent (see Section 58). 

Scattered light — A Turpain ®^® has called attention to a series of papers 
published some 60 years ago by Alexandre Lallemand, and apparently for- 
gotten. Lallemand ®^® observed that most, probably all, liquids scatter light 
laterally, even when devoid of suspended particles. He called this fluores- 
cence, and suggested that it arose in part from a kind of molecular reflec- 
tion or diffusion, and in part from free vibrations of the molecules. That 
arising in the first way will be partially or completely polarized and of the 
same frequency as the incident light exciting it ; that arising in the second 
will be unpolarized and of a different (he says longer) wave-length He 
attributed sky light also to molecular scattering. 

C. V. Raman ®^^ has shown that the intensity of the light molecularly 
scattered by a liquid, and the attendant coefficient of absorption, can be 
calculated on the “theory of fluctuations” — ^the theory that the number of 

•"Bancroft, W D, / Frankhn Inst. 187, 249-271, 459-485 (1919) 
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molecules per unit of volume varies slightly from point to point, on account 
of the thermal agitation of the molecules. The intensity so calculated for 
dust-free (optically empty) water is 160 times that of dust-free air; an 
observed value was 175 times. Likewise the computed coefficients of 
absorption for A = 0.494 and 0.522 n, where there is negligible selective 
absorption, are 0 000029 and 0 000022 cm‘S respectively ; while the experi- 
mental value found by Aufsess for each was 0.00002 cm'^ (see Table 161). 

He states that a sufficiently thick layer of pure water exhibits by molec- 
ular scattering a deep blue color more saturated than sky light and of com- 
parable intensity. “The colour is primarily due to diffraction, the absorp- 
tion only making it of a fuller hue.” 

The light scattered laterally by thin columns of water comes mainly 
from suspended particles, and is not blue, partaking largely of the color of 
the incident light as modified by the selective reflection of the particles 
Spring held the erroneous opinion that there is no scattering by the water 
itself. 

The deep blue color of Crater Lake, Oregon, probably arises from the 
scattering by the water itself, modified, more or less, by the color of the 
sky.*^* 

For methods employed for obtaining optically empty water, see Sec- 
tion 40. 

The Sea. 

Although long columns of pure water are blue by transmission, and the 
light scattered by thick layers of water is blue, there has been much dis- 
cussion regarding the blueness of the sea Three effects may contribute 
to the color’ (1) the reflection of the blue sky, (2) the proper color of the 
water, including the effect of molecular scattering; and (3) the scattering 
of small particles held in suspension 

Lord Rayleigh®®* attributed most of the color to the reflection of the 
sky, and thought that only a very unimportant fraction of it is to be 
accounted for by the scattering by small particles Whether he intended 
the last to include molecular scattering is not entirely clear To these con- 
clusions, C. V. Raman ®^'' and J. Y. Buchanan have taken exception, 
attributing the blueness to the water itself. Buchanan based his objec- 
tion on his observation that when quiet water, as in the screw-well of the 
Challenger, is viewed vertically under such conditions as to exclude 
reflected sky, it appears to be of a beautiful dark-blue color Truly, as 
Rayleigh remarked in reference to the water at Capri, this light, scattered 
or internally reflected by the water, came in large part from the sky. That 
would enhance the blueness if the sky were blue, but it can scarcely be 
accepted as the sole explanation of the observations recorded by Buchanan. 
In reality, the discussion seems to have arisen, at least in part, from differ- 

«• Pettit, E, Proe Nat Acad Scu. 22, I39.I4S (1936) 

•"Buelianan, J. Y , Nature, 84, 87-89 (1910). 
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ences in the interpretation of the vague term “color of the sea.” l>oes it 
mean the color seen when the surface of the sea is viewed from above and 
at such a distance that the line of sight makes a large angle with the ver- 
tical, there being nothing to obstruct the reflection of the sky from the 
portion observed ? If so, the intensity of the reflected light will be so great, 
as compared with that coming from the interior of the water, that the 
observed color will depend almost entirely upon that of the sky. This is 
what Rayleigh seems to have had in mind But if the term “color of the 
sea” means the color of the light coming directly from its interior, unmixed 
with light reflected from the surface, then the color of the sky will play 
a very subordinate part. Under intermediate conditions, the relative 
importance of each of those sources of color will vary with the condition. 
Again, one may mean by “color of the sea” the color of the light transmitted 
by a very long column of sea-water when the incident light is white. That 
will not be exactly the same as the color of the light coming directly from 
the interior of the sea, but the difference will not be great when there are 
many white clouds ; it may be called the color by transmission. 

E. O. Hulburt,®*® confining his observations to the “rim of the sea,” the 
region bounded by lines of sight making angles of 0° and of 3°, respec- 
tively, with the surface of the sea — ^which region “comprises more than 
99/100 of the total area of the sea within the view of the observer,” if he is 
less than 1000 ft above sea-level — ^has found that the nm of the sea when 
ruffled by breezes of 5 to 25 knots takes its color from the sky at an altitude 
of 30°, and that its brightness is about 025 of that of the sky near the 
horizon, the sky being clear. The light reflected from the sea is, of course, 
polarized. Hulburt has studied that polarization. 

During his bathysphere descents into the open sea, W. Beebe®®* 
observed the light scattered horizontally by the sea. At a depth of 600 ft. 
he comments on the blueness of the illumination, which was still “brilliant” 
at 800 ft. When he looked out and down he “saw only the deepest, black- 
est blue imaginable, a color which in the spectrum [as seen in his small 
spectroscope] had vanished four hundred feet above, overlaid and super- 
seded by violet.” At 1400 ft. “the outside world .... was, however, a 
solid, blue-black world, one which seemed born of a single vibration — ^blue, 
blue, forever and forever blue.” (See also Table 167). The persistence 
of the visual sensation of blue after the spectroscope shows that the light is 
violet is again referred to as puzzling °®* E. O. Hulburt ®®® has suggested 
that this sensation of blueness may arise from a fluorescence of the eye 
itself. 

According to J. Y. Buchanan,®*® only three color-types are required for 
describing the color of the surface-water of the ocean. (1) Deep olive- 
green, because of chlorophyll , observed near the edge of polar ice, and in 

"“Hulburt, E o, / Opt Soc Amer , J4, 35-42 <1934). 

■n Beebe, W , Bull N Y Zool Soc., 33, 201-232 (1930) 

«» Beebe, W , Setenee (N S ), SO, 495-496 (1934). 

»» Hulburt, E O , Idem, 81, 293-294 (1935). 
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certain other places. (2) Indigo. As one goes south from the Arctic 
the surface water assumes a pronounced mdigo color, which persists until 
latitude 40® is passed. (3) Ultramarine. As one goes north from the 
equator the color persists as a pure and brilliant ultramarine until latitude 
30° is passed. The passage between ultramarine and indigo is usually 
very rapid ; the area of mixing is restricted. 

48. Optical Rotatory Power of W.\ter 

(For the Faraday effect and the Verdet constant, see Section 54 ) 

The natural optical rotatory power of water (the ability of water to 
rotate the plane of polarization of a beam of light passing through it) is 
believed to be precisely zero. That it is indeed exceedingly small is shown 
by such observations as those of F. Bates and R. F. Jackson who 
observed for two 200-mm tubes an average rotation of only —0 0011°, the 
extreme single observations being —0 0043° and +00003°, each occurring 
with the same tube These values he within the range of their experi- 
mental error. 

A. A. Bless,®*® whose error of settmg was less than 0.02°, was unable 
to confirm F. Allison’s conclusion®*® that water possesses a slight power 
to rotate the plane of polarization of light that passes through it while it is 
subjected to the action of x-rays. 

49. Dielectric Properties of Water 

The dielectric properties of water are determined by the value of its 
dielectric constant (e) and of its absorption index (k), and by the way 
these values vary with the conditions. Electrical conductivity is not a 
dielectric property of the substance, but it must be considered in the inter- 
pretation of experimental observations. 

Symbols and Definitions. 

Only the most frequently used S 3 rmboIs are listed here; others are 
defined where they appear. 

(t, c", eo, ej) Dielectric constant. The value of the dielectric con- 

stant (e), expressed in electrostatic units, is defined as the ratio of the 
mutual electrical capacity of a given pair of equipotential surfaces, fixed 
with reference to each other, when immersed in the dielectric to their 
capacity when immersed in a vacuum If the polarizing of the dielec- 
tric is accompanied by a dissipation of energy, t he app arent dielectric 
constant is a complex quantity, e = e' — »e" ; i = \/ — 1. In such cases 
the real part (*') is commonly called the dielectric constant. In certain 
cases, notably water, the dielectric constant (eo) at optical frequencies is 
much smaller than that (ei) under static conditions. 

**Batea, F, and Jackion, R F, Butt Bur Stand, 13, 67-128 (S268) (1915) 

■B Bless, A A, Phys Rev (2), 33, 121-122 (A) (1929) 

«AUison, F, Idem, 31, 158-159 (A) (1928). 
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(_K,e) Absorption index («). If a plane, simple harmonic, electro- 
magnetic wave IS traveling through a dielectric in the direction of z, its 
amplitude at r = 0 being Aq and at r = a being A, then A = 
e (2.7183) being the base of the natural system of logarithms, and n and Xo 
having the values defined below. As the intensity (/) of such a wave 
vanes as A^, I = Either of these two equivalent formulas may 

be used to specify the significance of k 

(m, c, a, Ao) The index of refraction (») is c/V where c (2 9979 X 10^® 
cm/sec) is the phase velocity of the wave in a vacuum, and V is that in 
the dielectric Also, tt = Ao/A where A© is its wave-length in a vacuum and 
A is that in the dielectric. 

(fe', r) The conductivity (fe') is, by definition, equal to the longitudinal 
electrical conductance of a cylinder of the material of unit length and unit 
cross-sectional area. It is the reciprocal of the volume resistivity. By 
definiton, j = k'Ko/tc when all quantities are expressed in the same system 
of units; say, the cgse. If, however, k' is expressed in the cgsm system, 
and c in the cgse, then s = ck’ka/t Both expressions have been used, fre- 
quently without any specific statement about the units. Here, only the 
first will be used, the one in which all quantities are expressed in the same 
system. 

(<u, v) A simple harmonic oscillati on wi ll be expressed either as sin at 
or as the real part of — 1. Then u = 2in', where v is the 

frequency of the oscillation 

(^, 0) The phase defect (<ji) of a dielectric may be defined as follows If a 
given pair of equipotential surfaces, fixed with reference to each other, distant 
from all others, and immersed in the dielectric, are subjected to a difference 
in potential defined hy V = Vo sin at, then the current will be J — Jo cos 
(at — <l>), and the polarization of the dielectric will he D = Do sm (at — 0) 
Both <f> and 0 depend upon the properties of the dielectric They differ from 
zero only when the process of polarizing the dielectric is accompanied by a 
dissipation of energy, and the value of is given by the relation tan <l> = t ft . 
If the dissipation arises solely from the process of polarizing the dielectric, 
k' being zero, then 0 = <l>, but if the dissipation arises solely from the con- 
ductivity, then 0 = 0, and tan <^ = 2s = 2k"Ko/tc = 2k'/ tv. 

Types of Dielectrics. 

Two extreme types of dielectrics may be distinguished . ( 1 ) The ideal 
leaky dielectric, which is equivalent to an ideal, non-conducting and unabsorb- 
ing dielectric in parallel with a conductor of low conductivity. The com- 
bination exhibits both dispersion (variation of e with Ao) and absorption ; 

e = «®(1 — x®), K = TrmTTiT ftan<f> = 2s = 2k'Xo/t^ = 2k' /tv, 0 = 0 
1 -h (1-1- 4^;™ 

Insofar as current-voltage relationships are concerned, the dielectric acts 
as if it were a non-conducting, absorbing dielectric with the dielectric con- 
stant u = t — iAirk' fa = «®(1 — 1 k)® = n®(l — K®) — 2 im®k. This case will 
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not concern us further. Hereafter it will be assumed that either k' is zero 
or, if not, that effects arising from it have been independently eliminated. 

(2) The non-conducting dielectric, either absorbing or non-absorbing, 
the last being but a limiting case. For such a dielectric, « = n®(l — «)“ = 
n®(l — **) — 2t«®ic = t — i<",tan^ —tfe. As these expressions for c 
are of identically the same form as those for the effective dielectric constant 
(e,) in the preceding case, = tv 12 may be called the apparent con- 

ductivity of the dielectric (it is frequently called simply the conductivity, 
or more recently, the dipole conductivity, although k' is, by hypothesis, 
zero). For such dielectrics (k' = 0), the dissipation of energy, arising 
solely from the act of changing the polarization, is intimately bound up with 
the true dielectric properties The resulting absorption of energy is, there- 
fore, commonly called dielectric absorption. (It was first described as 
"anomalous,” to indicate that it did not arise from the conductivity as com- 
monly measured ) It is in this sense that the term “dielectric absorption” 
is used in this compilation It should not be confused with what Maxwell 
called electric absorption, which is merely one of the phenomena that accom- 
pany dielectric absorption 

Dipole Theory. 

In the modern dipole theory of dielectrics, developed by Debye, the 
molecule is pictured as containing, m addition to the elastically bound elec- 
trons and ions of the earlier theories, a rigid or semirigid permanent elec- 
trical dipole firmly attached to the molecule, so that both move as a single 
unit. For certain types of molecules the moment of the dipole may be zero , 
for those substances the dipole theory adds nothing to the earlier ones 
Thirty-five years ago M Reinganum suggested that certain molecules 
contained dipoles of constant moment, but whether the dipole could rotate 
without rotating the molecule itself was left an open question. 

The presence of dipoles confers upon the dielectric two new types of 
polarization • ( 1 ) that produced by the aligning of the axes of the dipoles 
with the direction of the field, as a result of a reorientation of the molecule 
as a whole ; and (2) that produced by the mutual angular displacement of 
the axes of adjacent dipoles that are elastically coupled, as two magnets 
might be, by their mutual attraction. This last is exactly similar to that 
associated with oscillators of other types, and needs no further consideration 
here, being completely covered by the well-known treatment of optical dis- 
persion, together with P. Drude’s extension of tliat to the case of great 
damping.®®® 

Of the first of these types of polarization, two subtypes need to be con- 
sidered: (1) that characterized by a free reorientability (free rotation) of 
each molecule at every instant, and (2) that characterized by a restricted 
reorientability (restricted rotation), each molecule being elastically bound 

Reinitanum, M, Aim i Physik (4), 10, 334-3S) (1903) 
o^Drude, P, Z phytik. Chem , 23, 267-32S (1897) esp Ann d. Phystk (Wted ), 64, 131-158 
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to its neighbor or neighbors in such a way that the moment of the resultant 
dipole is not zero, or each molecule being sometimes bound and sometimes 
free. Until very recently only the first of these subtypes had been mathe- 
matically considered. 

Free reoricntability . — Debye has considered in detail the case of freely 
reorientable dipoles His results have been published in numerous papers, 
and the basic treatment has been given in his book, “Polar Molecules,” 
(1929),®°®“ from which much of the following has been derived, and to 
which reference will be made by means of the symbol PM followed by the 
number of the page. 

In Debye’s treatment it is assumed (a) that adjacent dipoles are not 
elastically bound to one another ; (b) that each dipole plays the same part 
as every other, (c) that such a rotation of the molecule as attends the 
aligning of the axis of the dipole with the field is resisted by a torque of a 
viscous nature, (d) that the alignment of the axes is being continually 
disturbed by the thermal agitation of the molecules; and (e) that the 
Clausius-Mossotti expression for the molar polarizability of the dielectric, 
P = (M/p)(e — l)/(e + 2), is applicable. The last assumption implies 
that in the computation of the electric field at any point in the interior of 
the dielectric, the dielectric may be treated as a continuous medium, and 
the effect of a vanishingly small volume of the dielectric immediately sur- 
rounding the point may be ignored As the theory deals with a molecular 
medium, the validity of this assumption has been questioned ; and a steadily 
increasing amount of experimental data has forced the conclusion that this 
simple theory is certainly not quantitatively applicable to strongly dipolar 
pure liquids. But for years it was applied to them, and this must be borne 
in mind when studying the work of that period. 

On the basis of these assumptions, Debye (PM, 27) derived, by statis- 
tical methods, expression ( 1 ) for the case of a constant field 


where •L(jr) = coth x SiS ~ 

or the first two, terms in this expansion are retained, (1) becomes (2) 
or (3) 


.a + l 


(2) 


£ 

m' 


p /t-iy 4,rArr 
M^\t + 2)p 3mL* 3jfcrJ 
/c-l\l 4 TrAT , fi* A M h f 

\t + 2)p ~ 3kT V ISk^T ^) J "" ® T T* 


Here P is the molar polarizability of the substance (often called molar 
polarization), M molecular weight, p density, N Avogadro’s number 
(6061 X 10®® molecules per g-mole, k Boltzmann’s molecular gas constant 


Remhold Publtsliing Corp • 1929 
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1.372 X 10"“ erg/®K per molecule), T °K the absolute temperature, F the 
strength of the internal field, at the polarizability of the molecule by elastic 
displacement of the electrons, and n the moment of the dipole. The quanti- 
ties at and n refer to the individual molecule ; o, b, and / are merely symbols 
to be used for brevity. It is obvious that in all cases the value of c can be 
derived from P by means of the relation 

c = (1 + 2Pp/M)/(l - Pp/M) (3a) 


As the intensity of the field is increased, the dipole contribution to the 
polarization approaches a condition of saturation, and the corresponding 
term in the polarizability P begins to decrease. This is shown by the 
presence of the term in expression (3). By means of formula (3a) 
one can readily derive from (3) expression (4) in which t, is the dielectric 
constant in an external field of intensity X and ei is that in a weak field, it 
being remembered that on the Mossotti hypothesis the internal field is 
F = X + AvI/3 and fX = X + AvI, I being the polarization of the 
medium; this gives us F = X(£ + 2)/3 This £ is strictly £*, but as £» 
differs but little from n the latter may be used in translating F into X in 
expression (3). 


_ 4ir Npp.^ ( ^ \ 

45 MfeTV 3~ )’\kl') 

ft — ts 4x NpiF Y ^ 

£i ~A5‘MkT€, \ 3 / \kT/ 


(4) 

(5) 


Debye has used n to denote Np/M, the number of molecules per unit of 
volume. In addition to this difference in notation, it will be noticed that 
the magnitude of the negative term in (4) is only a third as great as that 
of the one given by Debye (PM, 111) : Debye’s value for £* is less than that 
given by (4) The procedure that he followed (PM, 110) leads to an 
expression of the form £* = (1 -t- 28)/(l — S), which may be expanded 
into £, = 1 +38 -f- 38® + . . , since 8 < 1. If all powers of 8 higher than 
the first are neglected, one obtains Debye’s expression for £,, an expression 
that errs on the side of being too smiill. But 8 may be, and in the case 
of water is, not much smaller than unity, in which case its higher powers 
cannot validly be neglected This may be the explanation of the loss of 
the factor 1/3 from Debye’s expression, which seems to be still current®®® 
For water at 20 °C (a = 804 cgse, approximately) formula (5) reduces 
to 


(£1 - fs)/tiX’‘ = 0 01024 ( 10 « p)* % per (10 cgse field strength)* (6) 
= 000114 (10^® ft)® %per (kilovolt/cm)® (7) 


For the H 2 O molecule, (10^®/*)® is approximately IH cgse units (see 
p. 48), and (£, - £*)/£jX® = 00128^ per (kilovolt/cm)®. 

Under the action of an electric field, molecules that are “elastically” 


••See Debye, P, Chem’l Rtv, », 171-182 (1936). 
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aeolotropic tend to orient" themselves so that the direction of majcimiim 
polarizability lies along the direction of the field. Consequently the pres- 
ence of such molecules will give rise to effects that are strictly analogous 
to those produced by molecules containing fixed dipoles (c.f. PM, 109). 

For a sinusoidal field of frequenqr v, Debye (PM, 90) finds 


F 1 \ 

M~\e + 2)~p M 3kr ‘ I +ta,T) 


( 8 ) 


where u = 2tv and t is the relaxation time, which he defines as the time 
required for the polarization {not the polarizability P) to decrease to 1/e 
of its value after the constant inducing field is withdrawn If the frictional 
torque resisting the turning of the molecule is Cd6/dt, dd/dt being the 
angular velocity of the molecule, then t =Z/2kT (PM, 94). 

Drude-Debye relations — At extremely high frequencies the massive 
molecules cannot follow the field, and formula (8) reduces to its first term 
The value of the dielectric constant under those conditions will be denoted 
by Co. At very low frequencies (8) reduces to (2) ; that static value of the 
constant will be denoted by ci. Then from (8) the following isothermal 
formulas may be derived, it being tacitly assumed, in (8) as well as in the 
following formulas, that after leaving the optical spectrum there is one, and 
only one, type of singularity in e, and that that is of the type here covered. 

There is nothing about these isothermal equations that i3 peculiar to the 
dipole theory ; they may all be obtained from Drude’s paper as has 
been remarked by J Malsch,®®^ W Ziegler, and others For this reason 
they are here called the Drude-Debye relations 

But the forms of the expressions given by Drude are not always the 
same as those given by Debye (PM, 90-94), and the time factor (o) that 
he used differ! from Debye’s t by a factor that is a constant for any one 
substance. Both forms, as well as varieties of each, are here given; as 
one form may, for certain purposes, be preferable to another. 

For brevity, write jr = <iiT(ei -|- 2)/(eo 4- 2) sov and ij®=(€i®4- 
co^.*'®)/(l -I- jr®) , as usual, «> = 2jn'. Then the several quantities occurring 
in the expression e = c' — u" = n®(l — ik)'^ may be computed by means 
of the following formulas : 


c' = M®(1 — K®) = (ci -I- eo.r®)/(l -h = CO 4- (ei — co)/(l4- x^) = 


Cl - (ci - co).rV(l 4- x^) (9) 

c" = 2n^K = (ci - co).r/(l 4- x"-) = (ci - co)ar/(l 4- oV) (10) 

2n® = i; 4- e' ; 2 m® k® = ij — c’ (11) 

tan = 2ic/(l — ic®) =(ci — co).*’/(ci 4- c^jt®) = 

[(ci-c')(c'-«o)]V*' (12) 


“"Cf Opiatka, G, Helv Phys Acta, 6, 198-209 (1933), Murphy, E J., Trans, Eleelroeh Soe 
(Amer ), 6^ 133-142 (1934) 

■“•Drude, P, Ann d. Phystk (Wted). 64. 131-158 (1898). 

•a Malach, J , Ann. d Phystk (5), 19, 707-720 (1934) 

•"•Ziegler, W, PhyAk Z, 35, 476-503 (1934). 
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K = I(, - O/U + Ol’* = - *oW(v+0 (l+A-®) = 

tan (^/2) (13) 

From the expression defining x and a, we find 

a = 2irr(£i + 2)/(eo + 2) ; t = o(£6 + T)l2ni{j.\ + 2) (14) 

For deriving the value of a from the observed values of c' and c" ^ 2n^<c, 
Drude advises the use of one or another of the following formulas : 

a* = («1 -*')/(*' - *o)v*; a = (ci - e')/2n2xv: 

a = 2mV(‘' - «o)»' (15a , 15b, 15c) 

From (10) one finds 

2x — A — (A^ — 4)'*, where ^ = (ti — to)l2n^K (16) 
from which r can be found from the relation: 


T = ^(eo + 2)/2ir(ti + 2)v (17) 

It will be noticed that when the frequency is such (v«) that x = \, then 
a — 1/vt, T = (eo + 2)/(ei + 2)2in'«, and £' = (£i + £o)/2. This frequency, 
at which t' is midway between £i and to, may be called the transition fre- 
quency. It is characteristic of the substance, fixing the values of the 
coefficients a and r, which have throughout this treatment been regarded as 
independent of the value of v. The corresponding wave-length in a vacuum 
(At = c/vt) may be called the transition wave-length ; At = fo = Aoav = Ao^, 
where Ao = c/v. The quantity cr also defines a characteristic wave-length ; 
one that is much smaller than the transition wave-length. Several other 
characteristic wave-lengths may be defined (see following table). A reader 
must be on the alert, for authors do not always state clearly which of the 
several characteristic wave-lengths is being considered As they all serve 
to fix the region in which the dielectric constant changes rapidly, each may 
be called a transition wave-length, but here the term will be restricted to 
the one for which t' is midway between £i and to This is the one most 
frequently designated by A« and called by Germans “Sprungwellenlange ’’ 
In the following table, the second column contains the values of Xo’^ or 
(x = flv) corresponding to the criterion specified in the first column 


Cntenon 

Max. of nfK 

»’= («o+«i)/2 

Max. of »K 
Max. of K 
Relaxation 


or o'k* ■ 


(3£i + «o)/(ei + 3«o) 
4%i+2)V(<.+2)‘ 




Charactenstic 


Ssnnbol 

For 1 8, Cl M 80 4 

K 

X. -X, =136X, 


XaV “X, *136X, 

X. 

X. =0.794X. =108Xr 

Xn* 

X„-0 594X. =81X, 

Xjt 

X* -0 150X. =20X, 

K 

X, =0.00734X,<=X, 


(“relaxation” means the time (t) required for the polarization to become 
reduced to 1/e of its value, the impressed field being zero), and in the last 
column are given the values for water at 20 °C of each of these character- 
istic wave-lengths in terms of transition wave-length (A«) and of Ar as 
defined by the relation Ar = ct. 
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If in (15b) and (15c) a is replaced by its equivalent \,/a and v by 
c/Ao, then one readily obtains 

e' = Cl — (2»®ic/Ao)A» and <* = eo + 2 m®icAo/A» (18a, 18b) 

That is, if there is but one such jump as we are considering and there is no 
absorption band beyond the optical spectrum, then e will be linear in both 
2n^K/\o and in 2n^KAo, and the values of ti and eo will be given by the 
intercept of these lines on the axis of c'. 

Restricted reorientabtlity — If as the result of their mutual action the 
dipoles of adjacent molecules are elastically coupled, as two m^nets may 
be, then their combined moment will be less than the sum of the single, 
separate moments, and may in the limit be zero. Such coupling may be 
either permanent or temporary. All of which will tend to reduce the 
magnitude of that portion of the dielectric constant that is contributed by 
the dipoles, and of the variation of that portion with the strength of the 
field. 

Debye*®- has recently considered this problem, and has derived for- 
mulas for the case in which each molecule is so elastically bound to a direc- 
tion fixed in space that the potential energy of the molecule contains a term 
of the form —E cos 6 where 6 is the angle that the axis of the dipole makes 
witli the fixed direction. That fixed direction varies from molecule to 
molecule, and for each molecule it is continually changing as a result of the 
thermal agitation of the molecules. The compiler has not yet been able to 
perceive clearly the physical significance of these assumptions Debye 
concludes that E is very great, and that the effect of restraints of the kind 
just specified is to multiply the b and the f of formula (3) by 2C and 3C* 
respectively, C standing for E/kT. As the / of formula (3) is proportional 
to the last term in (4), the restrictions here imposed require that also to be 
multpilied by 3C*. 

For other suggested explanations of the failure of liquids to conform 
to Debye’s formulas for freely reorientable dipole molecules, and for criti- 
cisms of Debye’s treatment of restricted reonentability, see M. Forro,®®® 
J. Frenkel,®*® G Hettner,*®* J Malsch,*®® L. Onsager,®*^ and A. Piekara ®®® 

Dielectric Constant of Water. 

Miscellanea — ^The degree of accord between various theories and the 
experimentally determined values for various substances has been discussed 
by O Bluh ®®® The data for water, ice, and steam are considered in detail. 
The article concludes with a bibliography of 172 entries. More recently, 

•“Debye, P, Acad rov Belff Bull Cl Set (5). 21, 166-174 (1935), Phystk Z , 36, 100-101, 
193-194 (1935) Chetn’l Rev, 19, 171-182 (1936). 

•“Forr6, M, Z Phynk, 47, 430-445 (1928) 

•™ Frenkel, J , Arta Phvttnehtm URSS, 4, 341-356 (1936) 

•“Hettner, G, Physth, Z, 38, 771-77A (1977)-* Perk Phystk Ges (3), 18, 57 (1937). 

•“Malsch, J, Ahh d Phyitk (3). 29. 48-60 (1937) 

•“ Onsager, L , I Am Chem, Soe , 58, 1486-1493 (1936). 

•“ Piekara, A , .4rto Phys Patou., t, 130-143 (1937) 
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W. Ziegler has done the same, but with special reference to the diq)er- 
sion and absorption of electric waves. He gives a bibliography of 159 
entries. For discussions of the difficulties inherent in the use of waves 
along wires immersed in the dielectric, see E Frankenberger.®’^^ Among 
other things he concludes that changes in the surface of the wire may intro- 
duce systematic errors of several tenths of a per cent in n, the index of 
refraction. 

P. Drude®^® has concluded that dissolved air produces no observable 
effect upon the value found for e Both he and A. Deubner ®™ comment 
on 'the fact that the successive individual determinations of e for a given 
sample of water are more concordant than are the determinations for dif- 
ferent samples Although this suggests that nominally identical specimens 
of water have different values of c Drude dismisses such a suggestion as 
being extremely improbable. 

G. Jacoby ®^® has derived an expression relating the dielectric constant 
to the forces binding the atoms in the molecule From this he concludes 
that one of the hydrogens in H 2 O is bound more loosely than the other. 

The dielectric constant of a film of water 2 microns (0.0002 cm) thick * 
is the same as that of water in bulk.®^® The following papers touch upon 
the dielectric constant of water, but are not mentioned elsewhere in this 
section : James Dewar and J. A Fleming ®'^® discuss the data obtained for 
water prior to 1897, and ®^^ give a single very low value for 1 °C 
R. Furth,«« M Jezewski,®^® H Joachim,®®® Y Matsuike,®®^ E B. Rosa,®®® 
J. F. Smale,®®® S. Tereschin,®®* B B. Turner,®®* and G. U. Yule,®®® each 
reports a single determination, generally incidental to another problem or 
for the purpose of testing a proposed procedure. W. Nemst ®®^ reports a 
few preliminary determinations. 

Saturation. — On Debye’s simple theory of freely reorientable dipoles, 
the dielectric constant of a dipole substance should exhibit “saturation” 
effects in intense fields, the dielectric constant (cj) in a strong field of 
intensity X being less than that (ei) in a weak field, by the relative amount 

"•Blfih, O, Phy Z,7r. 226-267 (1926). 

•>» Zieeler, W , Phys Z . 35, 476-503 (1934) 

^ Frankenberger, E , Ann d Phynk (5), 1, 948-962 (1929) 

•"Drude, P, Ann d Phynk (iVted }, 59, 17-62 (1896) 

•"Deubner, A, Ann d Phynk (4), 84, 429-456 (1927) =D«j, Freiburg 
"‘Jacoby, G, Ann d Phynk (4), 72, 153-160 (1923) 

•"Kallmann, H, and Dorsch, K E, Z phynk Chem, 126, 305-322 (1927) 

•"Dewar, James, and Fleming, J A, Proe Roy Soc (London) (A), 61, 2-18 (1897) 

•"Dewar, James, and Fleming, Idem, 62, 250-266 (1898) 

•■Fflrth, H, Phyttk Z , 25, 676-679 (1924), 44, 256-260 (1927) 

•"Jesewski, M, Bull tntem aead polon (A), 1920, 88-102 (1920) 

■• Joachim, H , Ann d Phynk (4), 60, 570-596 (1919) 

"^Matsuike, Y, Set Rep TohSku Imp Untv. (Sendai), 14, 445-452 (1925) 

"• Rosa, E. B , Phil. Mag (5). 31, 188-207 (1891) 

"• Smale, J F , Ann d Phyeik (Vied ). 57, 215-222 (1896) 

••Tereschin, S, Idem, 36, 792-804 (1889) 

•" Turner, B B , Z, phynk ehem , 35) 385-430 (1900) 

•• Yule, G. U , Ann. d. Physth (Vied.), SO, 742-751 (1893) 

•" Nemst, W., Z. phytik. ehem , 14, 622-663 (1894) 
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(«i — «»)Ai = AX^, A being a factor depending upon the substance and 
its temperature (see eq. S). For water, his expression, when corrected 
(p. 354), leads to the computed value ^o= 00128 per cent per (kilo- 
volt/cm)®. 

But J. Malsch has found for water A = 0 00001 1 per cent per (kilo- 
volt/cm)*, which is only 1/1000 of Ae. Debye’s theory for restricted 
reorientabihty (p 357) can be made to account for such a factor. 

Variation with Frequency — From a study of all pertinent data available 
in 1924 (a few later data were studied and placed in the report as it was 
being prepared for the printer), H L Curtis®*® concluded that, for v not 
exceeding 100 megacycles/sec, the dielectric constant (e) of water at a 
pressure of one atmosphere is independent of the frequency, and is about 
81 2 at 17 °C. At higher frequencies, beginning near y = 600 megacycles/ 
sec, e steadily decreases as shown in Figure 5 



Figure S Dielectric Ginstant of Water at 17 "C, Variation with the Frequency. 

[From compilation by H L Curtia and F M Defandorf, Jnt Crtt Tables, 6* 77 (1929) ] 
Unit of V (frequency) is 100 megacycles per s^ond, of e (dielectric constant) is 1 cgse* 


The most exact determinations of the dielectric constant of water now 
available at the lower frequencies (under 100 megacycles/sec) are probably 
those of J. Wyman, Jr ®®® and of F. H. Drake, G W. Pierce, and M. T 
Dow.®®^ They found, respectively, 81 47 and 81 54 at 17 °C. Their mean, 
81.50, is used in Table 174 and is probably as close an estimate of the 
correct value as can be obtained from the data available. It differs by only 
0.7 per cent from the mean (80 9) of the entries in the first section of 
Table 172, the two plainly abnormal values (88 and 73) being ignored. 

"•MaliCh, J, Phystk Z, 29, 770-771 (1928), 30, 837-839 (1929) 

«• CurtM, H L , /»< Cnt Tables, t, 77, 78 (1929). 

•“ Wyman, J., Jr , Phys Rev (2). 35, 623-634 (1930). 

•n Drake, F. H , Pierce. G W., and Dow, M. T., Idem, 35, 613-622 (1930). 
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The existence of bands of anomalous dispersion at frequencies below 
1000 megacycles/sec seems to be generally discredited at present. Although 
such bands have been reported by A. R. Colley,®** K. Iwanow,®*® and 
R. Wei chmann ,®** others have been unable to confirm their existence, and at 
least some of them may have been caused by an impurity, probably glass, 
dissolved in the water (see G. Mie,®*® E. Frankenberger ®®®). Likewise the 
report by A. Bramley ®®^ of a region of selective absorption, and hence, pre- 
sumably, of anomalous dispersion, was later found by himself to be incor- 
rect.®*® The regions of low frequency in which water has been especially 
investigated for the existence of absorption bands are listed in Table 173. 


Table 172. — Dielectric Constant of Water at 17 °C 

The best available value for frequencies below 600 megacycles per 
second is 81.50 cgse unit. It seems improbable that there are bands of 
absorption at frequencies below 1000 megacycles/sec, although such bands 
have been occasionally reported (see text and Table 173). 

When an observer has concluded that his observations indicate that c or 
n is the same for each of the frequencies that he has used, the mean of all 
his values has been tabulated together with the number (No ) of frequencies 
studied. If he has actually determined «, the value of n* is given, and 
c (actually the real part of <) is also given if the author has either com- 
puted it himself or given data that enables one to determine it. Under 
Osc. or Os. is an indication of the damping of the oscillations used. 
ds= damped, d—= slightly damped, u= undamped. Below 1000 mega- 
cycles/sec the absorption of the water is so slight that n* is essentially the 
same as e. 

Unit of 1 cm, of 1 mcgacycle/sec, of •• 1 egie unit. Temp — 17 °C 



w 

« 


No. 

Ofc. 

Ref.* 

5 0(10») 

60(10-«) 

81.0* 



U 

Ca 

5.0{10<) 

0.6 

81.2 



U 

Ko 

3.5(10‘i 

0 86 

81.9 



U 

Ky 

2.0(10‘) 

1.5 

88.1 



U 

PH 

1.1(10*) 

2.7 

82.5 



U 

As 

8109-368 

3.70-81 

81.5* 


5 

U 

Wy 

25S0-392 

12-76 

81 5 


2 

U 

DD 

1110-309 

27-97 


79.4 

3 

d 

CZ 

700-332 

43-90 


81 

7 

u 

MJ 

600-310 

50-97 


80.5 

2 

d 

Co 

444-242 

68-124 

73 


4 

u 

Sa 

345-230 

87-130 


81.07 

7 

d 

A1 

32W6 7 

93-818 


80.68 

7 

u 

He 

290-230 

103-130 


81.00 

4 

u 

No 

276-124 

109-242 


80.0 

2 

u 

So 

Colley, A, R., Phys 

Z., 10, 471-480 

(1909) *-J 


Obse 

(Phys ). 

39, 210- 


233 (1907). 

•• Iwanow, K , Am d Phynk (4), <$, 481-506 (1921) 

xWeichmann, R, Idem, ft, 501-545 0921) Phys Z. 22, 535-544 (1921) 

•" Mie, G , Pkys Z , 27, 793-795 (1926). 

•n Ftankenberger, E, Am d. Phynk (4). 82, 394-412 (1917), (S), 1, 948-962 (1929) 
wrBramlex, A., /. Franklm Imt, 206, 151-157 (1928); 307, 315-321 (1929) -*Phys Rev (2), 
33, 279 (A), 640 (A) (1929). 

wi Bramley, A., Phyt. Rev. (2), 34, 1061 (L) (1929); /. Oft. See. Amtr , 21, 148 (A) (1931). 
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Table 172 — (Conlmiied) 





X* 

0 

< 

»> 


No 

Osc. Ref.* 


271-268 

111-112 


80 82 


12 

u De 


266 

113 


81.5 



u Ho 


250-60 

120-500 


80.4 


14 

d- Rt 


200-25 8 

150-1160 


81 8 


8 

u Ma 


200 

150 


79.7 



d Dr* 


75 

400 


80 2 



d Dr' 


75 

400 


81.7 



d Dr" 


73.4-23.8 

409-1260 


81 1 


73 

d- Pr* 


68.4-55 2 

438-542 


80.3 



3 Cy 


63.7-S9.S 

471-504 


81 3* 



d- Rp 


63-49 

476-612 


79 8 


20 

u GA 


56.6-52.2 

530-574 


80.5 


5 

d- Ft” 


56.7-28.4 

529-1056 


801 


34 

u AO 


49.9-39.4 

601-762 


81.0* 



d- RP 


45 6 

658 


81 1 



Dev 


35 0-31 0 

857-968 


81.1* 



d- Rp 

Ref •-* Rp 

Go Kn 

Se Ee Te/ 

La . 

Mmc 


Kn Be Te 


0«c -» d 

u u 

u d d 

d 



u d d 

Xq 

p/1000 . 


n* 

||| 

Os 

Ref * 

25 8 

1 16 



82 2 

d 

Ma 


24 43 

1 23 79 1 







24 06 

1 25 78 7 







23 82 

1 26 

98 8 






23 06 

1 30 78 0 







21 59 

1 39 77 8 







20 55 

1.46 77 8 







20 44 

1 47 

77 4 





77J 

19 0 

1 57 


80 





17 76 

1.69 

91 4 






17 42 

1.72 

87 4 






17 02 

1 76 

87 6 






16 83 

1.78 

77.4 





77 2 

IS 29 

1 96 

77.4 





71 1 

14 48 

2 06 

77.4 





77 1 

140 

2 14 


84 





13.6 

2 21 


82 





13 45 

2 23 



77.8 

u 

AO 


12 65 

2 37 

83.2 






12 6 

2 38 


80 





11 80 

2 54 

77.4 





77.0 

11.48 

2 62 

81.0 






11 11 

2 69 

77 4 





77 0 

10 20 

2 94 

77.4 





76 9 

9 85 

3 05 

77.4 





76 9 

9.55 

3.16 

77.4 





76 9 

8.80 

343 

77 4 

78.3 




76 8 77.9 

8 53 

3 51 

74 0 






8 05 

3.73 

77.4 





76.7 

7.1 

4.22 



80.2 


Mz 


6 48 

463 

77 4 





76.3 

6.2 

4 84 



86.5 


Mz 


5.7 

5.26 


78.8 




77.6 

5 

60 



77.8» 

d 

Co 


4 

7.5 



76.1 

d 

El 


3.7 

8.1 


64.4 




61.4 

2.7 

11.1 


72,5 




67.4 

l.S 

15.6 


45.4 




40.0 
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Table 172.— -( Continued) 


Ref Rp Uo Kn Se Ec Tc^ La , Misc ^ Kn Ec Te 

Osc,>-> duuuddd udd 


1.75 

v/lOOO , 

17.2 

n* 

,, »> Os Ref o , — 

638 

56 5 

1 5 

20 0 


45.0 

41 6 

1.1 

27 3 


40.4 

38 4 

0 84 

35 7 


33 4 

31 2 

0.8 

37.5 


82 7 


06 

50 0 


89 7 


0 42 

71.4 


29 6 

27 9 

0.4 

75 0 


91 4 


0.005 

6000 

(Optical) 

1 85 
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the n’s by correcting for the electrical conductivity 

* Rukop determined n for SI wave-lengths well distributed over the range Xa = 63 7 
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Table 173. — Absorption Bands in the Electrical Spectrum of Water 

It seems probable that water has no absorption bands at frequencies 
below 1000 megacycles/sec, ®®® but bands have been reported in certain of 
the regions here tabulated, all of winch have been carefully searched for 
bands ; the number of bands reported in each case is stated m column 3 
The range 250 to 450 megacycles/sec should be reexamined Ao = wave- 
length in air, v = frequency. 


Unit of pm too meg&cycles^Bec. of Xo** 1 cm 


p 

X. 

Bands 

Ref « 

08 to 1 0 

375 to 300 

2 sets 

Br* 

0 84 to 1.06 

260 to 280 

None 

AN 

1 0 to 1 4 

300 to 220 

None 

No 

10 to 14 

300 to 220 

None 

Al 

24 to 25 

124 to 120 

None 

Iw» 

2.5 to 4 5 

120 to 67 

Many 

Iw‘ 

45 to50 

67 to 60 

None 

Iw*, Cy' 

4 7 to 14 6 

64 to 20 

3 

Rp 

5 3 to 8 4 

56 to 36 

Many 

Cy" 

5 4 to 10 7 

56 to 28 

None 

AO 

5 6, 7 1, 7 4 

54, 42, 32 

3 

We* 

5 3 to 5.9 

56 to 52 

None 

Mie*, Fr' 

4.1 to 8 1 

73 to 37 

None 

Ft" 

15 to 60 

20 to 5 

None 

Kn 

150, 430, 1500 

2 0,07,02 

3 

Te* 


‘ References 


A\ 

AN 

AO 

Br 


Cy' 

Ly" 

Fr' 

Fr" 

Iw 


Kn 

Mie 

No 

gP 

Te 

We 


Sec Table 172, references, first of Ai 
See Table 172, references, second of Al 
Sec Table 172, references. 

Bratnley, A^ Reported selective absorption, htnee anomalous dispersion mny be 
inferred He concluded later that the observed effects were spurious, at least in 
iwrt®* 

Colley. A R . see Table 172 Cy 

(*ollcy, A R, Phyjik Z, 10, 471-480 (1909) «- 7 Russ FrS-Chtm Obs (Phys ), 
39, 210-233 (1907) 

F rankenberger, E, Ann d Physsk (4), 82, 394-412 (1927) 

Id<w (^), 1, 948-962 (1929) 

Iwmow, K, i4fi» d Phvsxk (4), 481-506 (1921) He calls the value of 2 irr/lO 

frequencies, m this table the values of v itself are given, as computed from his 
values of "mZ 

Kncrr, li W. Phys Rev (2), 52, 1054-1067 (1937) 

Mie, G He concluded from the observations of Tr' that the bands reported by 
We are spurious 

Novosilzew, N , see Table 172, references 
Rukop, H , see Table 172, references 

Tear, T. D , Phys Rev (2), 21. 611-622 (1923) He reported selective absorption at 
these frequencies, hence anomalous dispersion may be inferred 
Weichmann, R, Ann d Physik (4), 66. 501-545 (1921) -► FhyriA Z, 22, 535-544 
(1921)* Mie concluded that these bands are spurious. 


' See note accompanying the corresponding reference 


Variation with Temperature . — (See also pp 353-355) At the time of 
the compilation by H L Curtis and F. M. Defandorf the available data 
on the variation of the dielectric constant of water with the temperature, 
especially at the higher temperatures, were far from satisfactory The best 
that could be done was to give the linear equation « = 80 — 04(1 — 20), 
equivalent to « = 81 2 [1 — 0005(f — 17)], the coefficient of t being 
restricted to a single significant figure. It was known that the dielectric 

••MalKli. J.. Ann d Physik (5). 19, 707-720 (1934) 

Curtis, H L, and Defandorf, F M, Z#sf. Crtf» Titbles, 74-81 (1929) 
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constant has no maximum at 4 °Q but the observations of F. Ratz indi- 
cated that there might be a very indistinct maximum between 0 "C and 
1 °C. 

Since then, both L. Kockel^®* and J. Wyman, Jr.™* have published 
consistent data for the entire range, 0 ®C to 100 ®C ; F. H. Drake, G. W. 
Pierce and M. T. Dow for the range 10 °C to 60 °C ; and R. T. Lattey, 
O. Gatty, and W. G. Davies two short series in the range, 14 "C to 
18 ®C. All of these are closely represented by formula (18c) 

. = [i - 4 + 10 im 

Values which appear to be of a mudi lower accuracy have been published 
by A. C Cuthbertson and O. Maass for 0, 15, 25, 50, and 75 “C; and 

E. P. Linton and O. Maass have published a formula said to represent 
their own (unpublished) observations over the range 0 °C to 50 ®C. This 
formula does not agree satisfactorily vwth the other data and, owing to the 
meagerness of the information published, cannot be critically appraised 
except by such comparison. 

Formula (18c) also represents quite satisfactorily the data published by 

F. Ratz, those over an 8 5® range that are summarized by A. R. Colley 
by means of an equation, those from 0° to 50 ®C defined by a formula pro- 

(Contmued on Pa«e 366) 

Table 174. — Variation of the Dielectric Constant of 
Water with the Temperature 

The several values are compared with those of (e/) defined by the pre- 
ferred formula (18c), which is used in the following form. 

(-)= 1 - ^^^’'(lOOO") ' */ = 81 50 (£Ai7); 

the value 81 50 being the mean of the tit values obtained by Wyman and 
by Drake, Pierce, and Dow (see p. 359) 

Values of t/ and of (e/ti?), are tabulated, and the values reported by 
the several observers are indicated by means of the quantities A and 8, 
which are defined by the relations (e/cii) = ('/^ii), ^ “ 

£/(l -H 8). At the bottom of each column of A is given the value of «i 7 
used by the observer in computing his smoothed values. For example, 
Wyman's en = 81 47, his value of t/tn at 0 °C is 1 .0828 — O 003 = 1 Oik) ; 
consequently his co is 81.47(1 080) = 8799; bv means of his formula (see 
text) we find so = 78 54(1,1205) = 88.00 

"iRati. F., Z. physti Chem . M, 94-112 (1896) 

"•Kockel, I., Atm A Phvtik (4), 77, 417-448 (1925) 

™ Wyman. J . Jr . Phvt Rev (2). J5. 623-634 (1910) 

™* Drake, F. H, Pierce, G W, and Dow, M T, Phys Rev (2), 35, 613-622 (1930) 

™> Lattey, R. T, Gatty, O, and Davies, W G, Piff. Maq (7), 12, 1019-1025 (1931) 

"a Cutlibertaon, A C, and Maaas, O., /, Am. Chem Sec, 52, 483-489 (1930). 

Linton, E. F,, and Maass, 0 , Idem, 54, 1863-1865 (1932), 
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Table 174 — (Continued) 

It will be noticed that, except for fixed percentile errors, most of the 
short sets of older data given in the last sections of the table agree 
quite satisfactorily with the values («/) defined by formula ( 18 c) 

Unit oft— 1 esse unit, of A—OOOl, o[Sm01% Temp mi’C 

References"-* Ko Ko Wy DD‘ LD Cy LM Dr ICT* Rats" 

Oba ■ — ComputM — , Observed — . 

I */ f A — — — , t A 

0 88 25 1 082i +2 0 -3 -1 +5 +2 +1 01 1082a -8 

to 84 22 1 0334 +4 0 -1 0 -1 +1 0 +1 +2 0J3 1 081i -3 

20 80 35 0 985a -6 0 0 0 0 —1 +1 O O 0 75 1 079a -2 

25 78 49 0 963i 0 +1 0 +1 -2 + 2 - 2 - 2 0 80 1 078s +2 

30 76 67 0 9407 - 3 0 +1 +1 +1 -4 +4 - 3 - 5 1 03 1 077a +1 

40 73 14 0 8974 - 5 +1 +2 +3 +2 +9 - 5 -10 1 57 1 074a 0 

50 69 78 0 856i -3 0 + 2 +6 +2 +12 - 8 -18 1 80 1 074? -1 

60 66 60 0 817i -5 0 +2 +9 +3 -12 -28 2 20 1071a +1 

70 63.57 0 780a -2 0 +2 +2 -16 - 40 3 04 1 067a 0 

80 60 71 0.745a +1 -1 0 +3 - 55 3 43 1 06Ss 0 

90 58.02 0 712i +2 -2 -1 +2 -71 400 1.062a -2 

100 55.58 0 681a +2 - 4 - 2 +1 -89 4 16 1 0A2a -2 

eiT 81 50 81 50 81 2 81 47 81.54 81 19 80 26 82.0 81 65 81 2 an >81 24 

I.attey, Gatty, and Davies (Two series, 1 and 2) LD*. 

(1) (2) (1) (2) fl) (2) 

< */ , 8 4 I •/ / I 4 I a/ . • r, 

14 0 82 92 -4 2 33 9 75 26 +0 3 61 15 66 24 +9 1 

15 6 82.04 +2 2 39.5 73 32 -3.4 63 0 65 67 - 3 5 

200 8036 -1.4 4205 72 44 +1 4 72 4 62 87 -0 2 

21 45 79.81 -1 4 46 0 71 11 +0.5 74 5 62.26 +1 3 

26.25 78.04 -4.2 53 0 68 97 -10 2 80 15 60 68 -1.8 

31 7 76 06 - 6 8 54 2 68 41 +1 2 81 3 60 35 + 36 


Mean * 



•/ 

Devoto" 

i 

38 

86 70 

-3 5 

5 7 

85 92 

-4.3 

76 

85 25 

-4 9 

78 

85 09 

-I 1 

98 

84.30 

-3 8 

11 4 

83 67 

-3 1 

12.8 

83 12 

-4 5 

15 0 

82.27 

-3 9 

164 

81 73 

-43 

16 5 

81 69 

-59 

17.1 

81.46 

-5.4 

17 7 

81.23 

-3.7 

18 5 

80.93 

-5 3 

18.7 

80.85 

-80 

19.3 

80.63 

-6.7 

19.6 

80 51 

-56 

20.9 

80 04 

-5.5 

21.7 

79 71 

-49 

25.0 

78 48 

-80 

25.2 

78 42 

-9.8 

26.7 

77.86 

-85 

28.3 

77.28 

-10.2 


• References : 


Senes 1, -2 7, Senes 2, +0 8 


< 

•/ 

t 

28.5 

77.21 

-89 

30 6 

76 44 

-78 

33.8 

75.30 

-11 2 

36 3 

74 42 

-11 6 

39.2 

73 42 

-11.6 


Jezewski* 

1 

2 3 

87 

+ 39 

16.5 

81 69 

+ 76 

30 1 

76 63 

+ 76 

47 2 

70.70 

+ 68 

66 9 

64 49 

+45 

92. 

57.50 

+33 

99.5 

55 62 

+ 32 


Mean 

+53 



Cohn* 


9.5 

84.4 

-97 

10 5 

84.0 

-104 

16.8 

81.6 

-99 

19.8 

80.4 

-96 


1 

•/ 

t 

27 2 

77 7 

-86 

31 7 

76 1 

-99 

35 3 

74 8 

-10.3 

Mean 

-96 


CooHdge* 


3 5 

86 8 

-1 1 

13 6 

82.8 

+ 1 2 

19.0 

80 7 

+2.5 

24.7 

78.6 

00 

39.0 

73.5 

+ 1 3 

Mean 

+ 1 2 

HerTwagen' 

• 

4 70 

86 34 

-98 

9 85 

84 28 

-89 

12.75 

83 14 

-84 

14 65 

82.40 

-86 

16 35 

81 75 

-8.7 

20.75 

80 07 

-6.4 

Mean 

-8.5 
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Table 174— (Contmucd) 

])r Diiiilr 

Heerwagen, F, Ann d P^sik (Wicd),^, V}'"^ t 74 gi no^o) 

ICT (urtis, H L, and Defaadorf, F M, Intent Tables, f, 74-81 (1929). 

Jezewski, M, Jour de Phys. (6), 3, 293-308 (1922). 

Ko Kocke/, L rtai 

LD Lattejr, H T., Gatty, O.. and Davies, W. G™ 

LAf Linton, E P, and Maass, O., J. Am. Chem Sac, 54, 1863-1865 (1932). 

Katz, F. Z. pkystt. Ckem , 19, 94-112 (1896). 

Wy Wyman, J., Jr cm „ „ 

* The progressive increase in e as I increases above 30 °C, as well as the abnormally 
small values (not here recorded) found below 10 °C, are probably the result of errors 
in determining the temperature 

* As the coefficient of t is given to only one significant figure, even the first figure 
of the number is uncertain. 

'Ratz gives values for 1 = 443, 5 37, 5 47, 10, 20, and 30 °C also; for which, 
A=— 2, +1, 0, —2, —18, and —5, respectively. 


Table 175. — Variation of the Polarizability of 
Water with the Temperature 

The molar polarizability of a dielectric isP= (M/p) (e — l)/(e -h 2), 
and Debye’s theory for freely reorientable dipole molecules leads to the 
relation P/M=(e—l)/(e+2)p=a-4-b/T (cq 2) where b=ATrNp?/ 
9MkT ; hence PT/M^ (t — l)T'/(t + 2)p = b aT For water, the 
reorientability of the molecules is restricted, and PT/M is not linear in T , 
it is however closely given by the relation 

PT/M= (e - l)r/(* + 2)p = 107.13 + 022627 + 000127S50T2 
where T ®K is the absolute temperature The calculated values given below 
are those defined by this formula ; the observed ones are determined from 
the indicated values of t and p, the former being the values of sf given in 
Table 174. If 6 = 107.13, 10'® fi = 5 59 cgse units per gfw of H 2 O (see 
p. 176) 

Unit of €=1 cgse, of g/cm* Temp - C 



T 

« 

P 

' Obs 

PT/M , 

Calc 

0-C 

0 

273 1 

88 25 

0 9999 

264 03 

263 87 

-f-0 16 

10 

283.1 

84 22 

0 9997 

273 33 

273 34 

-0 01 

20 

293 1 

80 36 

0 9982 

282.92 

282 94 

-0 02 

25 

298 I 

78.49 

0 9971 

287 81 

287.84 

-0 03 

30 

303.1 

76 67 

0 9957 

292 83 

292.80 

+0 03 

40 

313.1 

73 IS 

0 9922 

302 98 

302.92 

+0.06 

SO 

323.1 

69 79 

0 9881 

313 30 

313 30 

000 

60 

333 1 

66 60 

0.9832 

323 93 

323.91 

+0 02 

70 

343.1 

63 57 

0 9778 

334.83 

334 80 

+ 0 03 

80 

353 1 

60 71 

0 9718 

345.92 

345 94 

-0.02 

90 

363 1 

58 02 

0 9653 

357.32 

357.33 

-0 01 

100 

373 1 

55.58 

0.9584 

369.00 

368.98 

+ 0.02 


(Continued from Page 364) 

posed by P Drude,®'® the values obtained by E. Cohn,™® by W. D Coo- 
lidge,^'® and by F. Heerwagen See Table 174; formulas are given below 

"•Colley, A R, Physik Z. 10, 329-340 (1909) 

"» Cobn, E , Ann d Physik (Wied ). 45 > 370-376 (1892) 

™ Coolidge, W D , Idem, «9, 125-166 (1899). 

•n Heerwagen, 7 , Idem, «, 272-280 (1893). 
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Formula (18c) leads to de/e/t = — 0.383 for 1 °C at 17 ®C and —0 370 at 
25 ®C, whereas v. Ardenne, Groos, and Otterbein state that they found 
—0.36 at 18 °C, and R. King states that his observations between 10 
and 40 °C (displayed solely as a small-scale graph) satisfy a linear relation, 
the slope being —0360 (printed 0.0360). 

Values reported by C. B. Thwing''^®* and by C. Niven appear to be 
untrustworthy. Preliminary measurements at several temperatures below 
50 ®C have been reported by W C Rontgen,^'® and M. Seeberger has 
reported a few measurements, of low accuracy, in the range 15 to 50 “C, 
Xo = 12 6 to 190 cm (see Table 177, note b) 

K. Iwanow has reported that the variation of « with t depends some- 
what upon the frequency unless t exceeds 50 ®C, and that it is abnormal 
within an absorption band He used frequencies between 240 and 500 
megacycles/sec, in which region he reported many absorption bands (see 
Table 173). 

The formula here given (18c) and those proposed by the several 
observers may, for comparison, be thrown into the following forms, in 
which T= (t— 25)/1000‘ 


e = 78 49 [1 - 4 70aT -1- 10 
e ^ 78 54 fl - 4 60t + 887=1 

* = 78 57 fl - 4 61r 4- 15..5 t=1 

* = 78 77 n - 4 48r 4- 131.77=1 
£ = 78 2r* 

£ = 78 25e-‘‘««t 

£ = 79 2 [1 - 4 28r 4- 21 27= - 410r’* 
£ = 78(l-5r) 

«( = «23 — 22 O7 ; n = V* 


Same as formula (!8c) 
Wyman 

1 )rake. Pierce and DoW 
Drude 
Kockel 

Lattcy, Gatty and Davies 
Linton and Maass 
Intcniatioiwl Critical Tables 
Colley 


V^ariation utth Pressure — The dielectric constant of water increases 
with the pressure. Working at 16 3°C and v = 60 megacycles/sec, 
G Faickenberg = 1 ® found that £ increased by 0 72 when the pressure was 
increased from 7 to 200 atm , giving a mean value of de/dp = 00037 cgse 
per atm. 

More recently, S. Kyropoulos,”® working at 20 °C and v = 086 mega- 
cycles/sec, has measured e over the range P = 1 kg’*/cm® to P = 
kgVcm=, His values are closely given by the empirical formula (19)- 

£ = 80 79 [1 0273 4- 00000372P - (19) 

7 *® V Ardenne, Grooe, and Otterbein, Phyjik Z , 37, 533-544 (1936). 

Kin?, R , Rev Set Inst , 8, 201-209 (1937) 

»'*»ThwtnR, C B, phvstli Chem , 14, 286-300 (1894) 

7t* Niven, C, Prpr. Roy Soc (I ondon) 85, 139-145 (1911). 

™R5ntgen, W C, Ann d Phvsik (IVted ), 52, 593-603 (1894) 

Tt* Seeberger, M , Idem (S), 16, 77-99 (1933) 

™ Iwanow, K, Ann d Physik (4). 65, 481-506 (1921) 

™ Faickenberg, G, ,4 jih d Physti (4), 61, I4S-166 (1920) 

™ Kyropouloa, S , Z. Physik, 40, 507-520 (1926). 
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the unit of P being 1 kgVcm® = 0.9678 atm (see Table 176). It will be 
noticed that his value (80.79) for 20 “C and 1 atm is about 0.55 per cent 
grrater than the value (80.35) given in Table 174. Using his values of t, 
the densities (p) found by Bridgman (see Table 95), and the molecular 
weight Jlf 5= 18 00, Kyropoulos computed the value of the molecular polar- 
izability — M{e— l)/(e-f-2)p — and of (« — l)/p, finding each to vary 
monotonously throughout the range in P. On going from 1 to 3000 kg*/cm®, 
■^(* ~ !)/(« +2)pgoes from 17.39 to 15.85; and (e — l)/p, from 79.9 
to 82.6. 

An early determination by W. C. Rontgen showed that the excess 
in the value of t at 500 atm over that at 1 atm is of the order of one 
per cent. 


Table 176. — Variation of the Dielectric Constant 
of Water with the Pressure 

The values (t*) tabulated by Kyropoulos (see text) are very closely 
equal to those (««) computed by means of the formula = 80 79 (1 0273 -I- 
0^372P -E), where logioR = - 0.000448 (P + 3490), the unit of P 
being 1 kg*/cm®. For convenience, the values of E and of S, defined by 
£e = 80 79 (1 + 8), are tabulated. Temperature = 20 °C , v = 0 86 mega- 


cycles/sec 

p 

Unit of 

<1 

1 kg*/cm»«0 958 atm, of , - 1 

u 

1 cgse unit 

1008 

lOOE 

1 

80 79 

80 79 

0 

2 73 

7» 


80 83 

0 05 

2 71 

206* 


81 83 

1 29 

2 21 

SOO 

83 07 

83 18 

2 96 

1 63 

1000 

85.20 

85 22 

5 48 

0 97 

1500 

87 03 

87 03 

7 73 

0 58 

2000 

88 72 

88.73 

9 82 

0.35 

2500 

90.34 

90 34 

11 82 

0 21 

3000 

91.90 

91.91 

13.77 

0 12 


‘ G Falckenberg working at 16 3 “C, f = 60 megacycles/sec, and p = 7 and 200 
atm (7.23 and 206 1 kg*/cin") found «» — *, = 0 72, as compared with the value 1.00 
here given for 


Dielectric Constant of Sea-water — ^R. L. Smith-Rose is of the opinion 
that the dielectric constant of sea-water is about the same as that of distilled 
water. He attributes the very high apparent values, obtained when audio- 
frequencies and low radiofrequencies are used, to the effect of polarization 
films formed at the boundaries between the electrodes and the water. 

Dielectric Absorption. (For notation and definitions, see first pages of 
this Section.) 

P Drude observed that water and certain other substances absorb 
electric waves much more strongly than can be accounted for by their elec- 

n> Smith-Rose, R. L., Proe. Roy Soc (London) (A). 143, 135-146 (1933). 
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trical conductivity. This additional absorption, above that due to the 
conductivity, is what is here called dielectric absorption. He attributed it to 
the presence of the hydroxyl group (OH). W. D. Coolidge^*® referred 
to the same phenomenon. It arises from a dissipation of energy inherent 
in the process of polarizing the medium. (See p. 352). For a discussion 
of the subject on the dipole theory, see P. Debye,”® and P. Debye and 
W. Rarnm.”® ^ 

A. B. Bryan investigated the phase relations between the current and 
the emf applied to condensers containing various dielectrics. For water at 
23.5 °C and frequencies (v) of 02 to 1.4 megacycles/sec he found that the 
phase defect was ^ = 08° + (2.09/v)“, the unit of v being 1 megacycle/sec. 
The first term is ascribed to the true dielectric absorption, and the second 
to the conductivity of the water. It may be easily shown that the part of ^ 
arising from the conductivity is (2/vpe) (lO'®) radians = (IH-S/i^pe) 
(10"®) the unit of v being as before, and the resistivity (p) and e being 
expressed in the same system of units. Equating this to the second term 
of the observed <l>, one finds pe = 55 microseconds , and if « = 81 cgse unit, 
p = 068 X 10‘® cgse unit = 06 megohm-cm The resistivity of best "con- 
ductivity” water is nearly 240 megohm cm, much higher than that used by 
Bryan. 

If the first term of this arises from dielectric absorption, then its tan- 
gent IS equal to e"A' = 2n®(t/<' Hence 2n^K = e' tan 08° = 81(0.0140) = 
1.13, if «' = 81 cgse , whence k = 00070. 

Using better water, J Granier found tan <#> = 0.02, the portion con- 
tributed by the conductivity being 0006 This gives for 2w‘k the same 
value as was found by Bryan. For the Paris water supply 0 was 6 times 
as great. 

A. Esau and G Baz ”® have studied both the reflectivity and the 
absorption of water over the range Ao = 2 8 to 10 cm (v = 10,700 to 3000 
times 10® cycles/sec), and have presented their results in the form of small 
graphs From the heating produced by a field of 28.4 X 10® cycles/sec 
(Ao = 1055 cm) C Schmelzer concluded that the apparent conductivity 
(£"ai/4ir) of the water used ranged from 14 to 20 times 10''^ (ohm-cm)"^. 
Hence t" ( = 2«®i£) ranges from 0 09 to 0 13, and k from 0.0006 to 0.0008, 
it being assumed that = e' = 81. For other determinations see Tables 
177 and 178. 

The most extended set of values of n and k now available for water is 
that by H. W. Knerr They are given m Table 178 together with certain 
values derived from them by the compiler. The several values of A( have 
been computed by means of the formulas indicated, numbered as in the text. 

Debye, P., Trans Faraday Sac. 30, 679-689 (1934), Phystk Z, 35, 101-106 (1934). 

‘n* Debye, P , end Ranim. W . jinn d Fhystk (5). 28, 28-34 (1937). 

■>" Bryan, A B , Phys Rev (2), 22, 399-404 (1923). 

» Grenier, J , BuU Soc Fr Rise (4), 3, 333-482 (1923) = Thesis, Pans 
««E8au, A., and Bis, G, Physik Z, 38, 774-775 (1937) 
mSchmelzer, C, Ann d Phystk (S), 28, 35-53 (1937). 

"•Knerr, H. W., Phys. Rev. (2), 52, 1057-1067 (1937). 
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The discordance between the several sets of values, and their progressive 
increase with Ka, except in the case of (g), indicate that in the case of 
water the conditions are not so simple as is assumed in deriving the much 
quoted formulas (8) to (17) ; that for water we are not justified in assum- 
ing that there is only one singularity, and that of the highly dissipative 
type, in the frequency range below the optical spectrum. This is home out 
by the graphs in Figure 6, By formulas (18a) and (18b) each should be 


Figure 6 Variation of the Dielectric Constant of Water with 2h‘k/\, and with 

Observationi of H W. Knerr tPliM Rev (2). 52, 1054 to 1067 (1937)] at 22 »C. If formulas 
18a and 18b were satisfi^, the gbservations wo^d lie alonR two right one cutting 

of e' at n* and the other at ei The obwv«ition» arc linear (dots) m 2n'jc/Ao, line A, but tne 
intercept is 77 38, whereas ei - 79 61 They are not Imtar (crosses) m 2n“KXo See text Ihe 
equations of the 3 lines are 

(A) €' = 77 38 - 0 365 (2n9ic/Xo> 

(B) c' = 60 50 + 0 1327 (2n*«Xf.) 

(C) e' = 75 83 + 0 009* (2n*«Xo) 

a right line, and their intercepts on the axis of c' should be ei and co The 
graph of (18a) is a right line, but its intercept is 77 38, whereas ei = 79 61 ; 
that of (18b) consists of two right lines, their intercepts being 60 5 and 75 8, 
whereas eo = 1 9. 

All of which indicates that a serious doubt attaches to the significance 
of the several values of X, that have been published, and that the values 
themselves cannot be satisfactorily compared unless the frequencies and 
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Table 177^ — The Absorption Index of Water 
(See also Table 178 ) 

By definition I = The effect of a change in temperature is 

indicated in footnote b. 



Unit of Xo ~ 

r 

1 cm, of >— 

t 

10> eycIes/Bcc. 

c 

Temp “1 “C 

Rc 

Ref« 

150,000 

0.2 


0 0070 

0 063 

Br 

21,000 

1 4 


0.0070 

0.063 

Br 

470 

63.8 


0 0070 

0 063 

Gr 

242 

124 

17 

0 0032 

0.029 

Ru 

226 

133 

17 

-0.0012 

-0011 

Ru 

221 

136 

17 

0 0015 

0 013 

Ru 

184 

163 

17 

00003 

0 003 

Ru 

160 

188 

17 

0 0020 

0 018 

Ru 

144.5 

207.5 

17 

0 0042 

0 038 

Ru 

144 1 

208 0 

17 

0 0019 

0 019 

Ru 

129 

232 

17 

0 0032 

0 029 

Ru 

106 

283 

17 

0 0093 

0 083 

Ru 

99 

303 

17 

0 0050 

0 045 

Ru 

85 

353 

17 

0 0037 

0 033 

Ru 

75 

400 

17 

0 0114 

0 102 

Ru 

68 

441 

17 

0 0094 

0 084 

Ru 

64 

469 

17 

0 0129 

0116 

Ru 

57 4 

522 

17 

0 0133 

0 119 

Ru 

57 4 

522 

17 

0 013 

0.12 

Ft 

52 

576 

17 

0 013 

0.12 

Pr 

23 

1300 

20 2 

0 069 

0 62 

Za 

19.0 

1580 

IS 

0 079 

0 71 

Se 

14 0 

2140 

17 

0 049 

0.45 

Se 

13 6 

2210 

16 

0 045 

0.41 

Se 

12 6 

2380 

16 

0 058 

0 52 

Se* 

12 6 

2380 

15 5 

0.059 

0 53 

Se 

8 8 

3410 

15 

0 07 

060 

Ec 

5.7 

5260 

21 

0 12 

1.08 

Ec 

40 

7500 

18 

0 136 

1.18 

El 

3 7 

8100 

14 

0 21 

1 72 

Ec 

2.7 

11100 

20(?) 

0 268 

2 26 

Te 

1.8 

16700 

20(?) 

0.349 

2.32 

Te 

1.75 

17100 

24 

0 35 

2.7 

Ec 

1 5 

20000 

20(?) 

0 276 

1.83 

Te 

1.1 

27300 

20(?) 

0 230 

1 44 

Te 

0 84 

35700 

20f?) 

0 262 

1 49 

Te 

0.42 

71400 

20(?) 

0 240 

1 29 

Te 


“ References • 


Br Bryan, A B 

Ec Elckert, E, ^ erh phvstk Ces , 15t 307-329 (1913) 

FI Elle, D, Ann d Physik (5), 30, 354-370 (1937) Jena 

Fr Frankenberger, E, Ann d Phy^%k (4), 92, 394-412 (1927) 

CiT Cramer, t 

Ru ROckert. B, Ann d Pkyuk (4), 151-176 (1918). 

lA 

kvjf Rev (2), 21, 611-622 (1923) 

. Bull intern aead polon (A), 1927 , 489-503 (1927) 

* Seeberger gives also the following for \« = 12 6 cm 


Se Seebwger, M ’ 
Te Tear, J D , f 
Za Zakrzewski, K 


t 

15.5 

16 

300 

50 0 

100k 

5.9 

5.8 

3.2 

1 

lOOnt 

53 

52 

28 

9 

n* 

80.6 

80.3 

76.6 

81 
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the formulas actually used in computing them are known. Often the for- 
mula used is not stated. Some of the published values of X, are given in 
Table 179. 


Table 178. — Dielectric Absorption of Water at 22 °C 
(For definitions and explanation of symbols, see first pages 
of this Section.) 

c »2(1 — *2) — 2i«*« = «' — fe". In the following formulas (I5a), 
(ISb), (15c), and (16), from the text, put co = 1-90 and ei = 79.61; in 
formula (g), similar to (15b), the 77.38 has been obtained from the linear 
graph in Figure 6. The mean n (n) has been used m all computations. 

(15a) A. = Ao {(*1 - «')/(*' - * 0 )}^^ ; (ISb) A. = Ao (*i - e')/2n^K 

(ISc) A. = Ao {2«2*/(«' - *o)} ; (16) A. = Ao{— 

(g) A. = Ao(77.38 - t')/2n\ , A=(€i- €o)/2n^K 

The quantities v, e', e", and A* have been computed by the compiler. 
Conductivity of the water was lO"® to 10 ® (ohm cm )"^, its contribution to 
f" at these frequencies is negligible 


Unit of ^mIOOO megacyclcfl/aec, of Xo«>i cm, of of X« <•! cm 









16 

15c 

15a 

ISb 

g 

p 

Xg 

n 

t 


2i|lc 

* 



— X *- 



6.25 

4.80 

— 

0 153 

75.63 

23.7 

17.4 

1.63 

1 54 

1 11 

0.81 

0 354 

5.62 

5 34 


0 141 

75 90 

21.8 

16 0 

1 64 

1 58 

1 20 

0 91 

0 362 

4.63 

6 48 

8.85 

0123 

76.27 

19.0 

14.0 

1.70 

1 70 

1 37 

1.14 

0 378 

3.72 

8 05 

8 78 

0 097 

76 71 

15 0 

11.1 

1.62 

1.61 

1 58 

1 56 

0 360 

3.68 

8 16 

— 

0 097 

76.71 

15 0 

11.1 

1.64 

1.63 

1 61 

1 58 

0 365 

3.40 

8 80 

8.77 

0.093 

76.77 

14.4 

10 6 

1 69 

1 69 

1 72 

1 73 

0 373 

3.14 

9.55 

8.72 

0.086 

76 87 

13.3 

9.8 

1.68 

1.69 

1 82 

1 68 

0.366 

3 05 

9.85 

8.80 

— 

— 

— 

— 

— 

— 

— 

— 

— 

2 97 

1010 

— 

0 082 

76.92 

12 7 

9.3 

1.70 

1 70 

1 91 

2.14 

0 366 

2 94 

10.20 

8.79 

— 


— 

— 

— 

— 

— 

— 

— 

2.76 

10.87 

— 

0.075 

77.00 

11 6 

86 

1 66 

1 68 

2 02 

244 

0 357 

2 70 

11.12 

8 83 

0 074 

77.02 

11.5 

85 

1 69 

1 70 

2 07 

2 50 

0 348 

2.54 

11.80 

8.85 

0 071 

77.05 

no 

82 

1.70 

1.72 

2 18 

2 75 

0.354 

2.24 

13.41 

— 

0 068 

77.08 

10 5 

7 7 

1 85 

1 88 

2 45 

3 23 

0 383 

2.07 

14 48 

8 82 

0.062 

77.14 

96 

7.2 

1.82 

1 85 

2 62 

3 72 

0 361 

1.96 

15.29 

8.76 

0 062 

77.14 

9.6 

7.2 

1 93 

1 86 

2 77 

3 93 

0 382 

1 78 

16.83 

8.85 

— 

■ 

— 

— 

— 


— 

— 


1.63 

18 41 


0.052 

77 23 

8.0 

5.9 

1.91 

1 95 

3.27 

5 48 

0.346 

1.47 

20.44 

8.78 

0.048 

77 26 

74 

5.5 

1.96 

2 00 

3.62 

6.50 

0.331 


Mean 8.80 


Table 179. — ^Transition Wave-lengths for Water 

The transition wave-length (A,) is defined as the wave-length in air 
corresponding to the frequency at which the real part («') of the dielectric 
constant is half the sum of the static value (ci) and the square of the optical 
index of refraction for infrared waves. There are reasons for doubting 
that water fulfills the conditions assumed in deriving the formulas employed 
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Table 179 — (Continued) 

in computing A, (see text). Knerr’s values, computed by the compiler, 
have been taken from Table 178. The formulas are numbered as in Table 
178 and in the text. 

All these estimates of A, lie within the range 036 and 6.S cm; hence 
A^( = 0.00734A,, see p 356) must lie within the range 0 0026 and 0.048 cm. 
But the value of r computed by Debye by means of the oft-quoted formula 
T = Amfl^/kT, where ( = 0.01 poise) is the coefficient of viscosity, 
r ( = 2 X lO”® cm) is radius of the molecule, t ( = 1 327 X 10"^* erg/^K 
per molecule) is the Boltzmann gas constant, and T ( = 293 “K) is the 
absolute temperature (all referring to water at 20 °C), is t = 027 X 10"^° 
sec corresponding to = 0 81 cm — a value that is 17 to 310 times as great 
as that indicated by the tabulated values. 



Unit of Xo and of Xs^b 1 cm 

i Xs 

Temp ■./ ®C 

Eq 

Ref* 

S to 20 

22 

16to20 

16 

Knerr 

5 to 20 

22 

15to20 

15c 

Knerr 

5 to 20 

22 

1 1 to36 

ISa 

Knerr 

S to 20 

22 

0 8 to 65 

15b 

Knerr 

S to 20 

22 

0.362 

g 

Knerr 

4 

18 

1 13 

11 

Elle 

2 8 to 10 

19 

1 85 

15a 

Esau and BAz 

1050 

20 

12tol7 

10 

Schmelzer 


• References 

Elle, D See Table 177, references 

Esau, A , and BSa, G , Phytik Z . 38, 774-773 (1937) 

Knerr, H W , Phyy Rev (2), 52, 1054-1067 (1937) -> Idem, 51, 1007 (Am) (1937) 
(('omputation by compiler, see Table 178 } 

Schmelzer, C., Ann d Phynk (5), 28, 35-53 (193 7) 


50 Conduction of Elfctricity by Water 

The National Research Council has awarded to G A Hulett a grant 
for a study of the electrical conductivity of pure water.’'®* 

The observation of O Risse,’'*® that when water is exposed to x-rays its 
conductivity is increased and its pH is decreased, is probably to be explained 
by the heating of the water by thermal radiation from the anticathode.'®^ 
H Fricke and E. R Brownscombe,'*® using methods more sensitive than 
those employed by Risse, were unable to detect any formation of either 
H 2 O 2 or O 2 when water is exposed to x-rays, even though as much as 150 
kiloroentgens were used 

All the following data regarding the electrical conduction of water, with 
the exception of those for natural waters (p 380 and Table 184) and those 
published since 1929, have been obtained from the International Critical 
Tables, either directly or by means of formulas there given. 

G A, ScUnce, 77. 215 (1913) 

™ Risse, o , Z Phystk Chem (A), 1«, 133-157 (1929) 

Schnurmann, R, Idem, 158, 110-114 (1930). 

Fncke. H, and Brownacombe, £ R, Phyt Rev, (2), 44 » 240 (1933) 
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For the purposes of this compilation, the data have been grouped under 
three heads: (1) Copductivity of water, (2) Equivalent conductivity of the 
ions, (3) Electrolytic ionization. 

Conductivity of Water. 

The conductivity («) of a substance is the reciprocal of its volume resis- 
tivity, which is the longitudinal resistance per unit of length of a uniform 
cylinder of the substance of unit cross-sectional area. The dimensions of k 
are given by the formula 

length ^ ^ , 

; : r = (resistance X length)"^ 

(area X resistance) 

This quantity * is also called both the specific conductance and the volume 
conductivity. 

The best water obtained by KoMrausch and Heydweiller is reported to 
have had at 10 °C the conductivity * = 42 X 10'® (ohmem)"^.^*® This 
is about 10 per cent greater than that computed from the equivalent con- 
ductivities of the ions and the electrolytic ionization of water (see Table 
180). 

Table 180. — Electrical Conductivity of Pure Water (Computed) 

The electrical conductivity («) of pure water is related to the equivalent 
conductivities of its ions (Ah and Aon), its density (p), and its ionization 
product {K) as indicated by the equation k = (An + Aoh)p\/^/1000 
The following three sets of values of k have each been computed from the 
values of Ah and Aoh as given in Table 181, the values of p as given in 
Table 93, and the values of K as defined (see N Bjerrum in one of the 
following ways: (1) by the “best” values of (see ICT of Table 182) ; 
(2) by the formula of A Heydweiller,^®* logioK"'^ = 6099 6/(273 + t) + 
24.25 Iogio(273 -i- #) — 664678, or (3) by the formula of G N Lewis and 
M. Randall,”® log, = 6384 7/(273.1 -I- f) -t- 26 6761og,o(273 1 -t- 0- 
73 424. (For definition of A and of K, see following paragraphs ) 


K-* 

(1) , 

Unit of « — 

1 (ohro cm)” 

'* Temp-r*C 

i’i\ 

t^\ 


t 

logioa 

lO*, ' 

Lo8io«' 

10*K 

/— \Oi - 

Logio* 

10»» ' 

0’ 

8 07. 

1 19 

8 064 

1 16 

8 067 

1 17 

10 

8 36, 

2 3, 

8 357 

2 28 

8 360 

2 29 

IS 

8 49, 

3 1, 

8 491 

3 10 

8 493 

3 11 

18 

8 57, 

3 7, 

8 568 

3 70 

1.569 

3.71 

25 

8 74, 

5 5, 

8 736 

5 44 

8 736 

5 44 

35 

8 96, 

91, 

8.954 

9 00 

8 952 

8 96 

40 

7 06o 

11 5 

7 051 

11 25 

7 048 

11 17 

50 

7 23, 

17.1 

7 232 

17 06 

7.226 

16 83 


’’■•Bjerrum, N, Int Cnt TaiJes. 6, 152 (1929), from Kohlrausch, F, and Heydweiller, A, 
A»»d Phynk (Wtri ), 53, 209-235 (1894), Z phystk Chem , 14, 317-330 (1894), also, Parting- 
ton, J R, /«( Cnt Jahirs, 6, 142 (1929) 

"“Kling, A, and f.assieur. A, Ann de Chan (10), 15, 201-227 (1931), Compt rend, 201, 
203-204 (1935), Jour de I’hys (T), 7, C P 21 (1936) «- /lor Set, 4, 225-229 (1935) 

“Gostkowski, K., Z phystk Chem (A), 170, 149-152 (1934), Acta Phys Polon , 3, 75-80 
(1934) 

WI Thiesseo, P. A., and Hermann, K., Z Elektroch , 43, 66-69 (1937). 
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In recent years A. Kling and A. Lassieur^*** liave persistently main- 
tained that the exact conditions necessary for obtaining water of minimum 
conductivity are not known, and have presented experimental evidence 
which they think justify that conclusion. But the lowest conductivity that 
they reported (2 X Kh®) was much greater than tliat found by Kohlrausch 
and Heydweiller. 

K. Gostkowski has described a parafifin-lined still from which, by 
low temperature distillation, he has obtained water for which 10®#c = 
7(ohmcm)"^ at 0°C. And P. A. Thiessen and K. Hermann^*® have 
described a procedure by winch they obtained 400 cm®/hr of water having 
10®ic = 6.5 to 8 (ohm cm) at 25 °C, and have stated tliat by the use of an 
additional stage in the distillation they got IO’^k = 5.95 (ohm-cm)*® at 25 ®C ; 
they give the “theoretical’* value as 5.52. 

A. Deubner has reported tliat the conductivity of water in contact 
with air may decrease from 10®* = 6 or 8 (ohm cm) as the water left 
the still, to 1.5 (ohmcm)~^ after it had been in contact with air for about 
a day. The explanation is not known, but he considered several possi- 
bilities. 

Equivalent Conductivity. 

The equivalent conductivity (A) of an electrolytic solution is defined 
by the relation A */c, where c, called the equivalent concentration, is the 
number of equivalents (more expliatly, electrolytic equivalents) of the 
solute per unit volume of the solution. The equivalent conductivity is the 
axial conductance of a cylindrical volume of the solution, of unit length and 
of such a cross-sectional area that it contains one equivalent of the solute. 
Its dimensions are given by the formula : 

volume per equivalent _ area per equivalent 
resistance X length resistance 

The electrolytic, or electrochemical, equivalent of an ion is defined as the 
total mass of such ions needed to carry a combined resultant charge equal to 
a unit quantity of electricity. It may be expressed in terms of any one of 
various units, such as a gram per coulomb, or a gram per faraday. In the 
following, as in most physicochemical work, the second of these units will 
be employed, a faraday being understood to denote the resultant charge 
carried by one gram-formula weight of a univalent ion, which charge is not 
far from 96,500 coulombs.''*" When expressed in that unit, the electrolytic 
equivalent of an ion is equal to the formula-weight of the ion divided by 
its valence. Likewise, the electrolytic equivalent of a solute will be under- 
stood to mean the formula-weight of the solute divided by the combined 

’"Deubner, A, Ann d Phynk (4), 84, 429-456 (1927). 

’"Heydweiller, A, Ann d Phystk (4), 28, S03-S12 (1909) 

Lewis, G. N and Randall, M , ‘‘Thermodynamics and the free energy of chemical sub- 
stances,” New York, 1923. 

’"Ill# Cnt. Tables, 1, 17 (1926). 
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valences of the similarly charged ions to which eacli formula-molecule may 
give rise. 

If A is the equivalent conductivity of a solution m which the total equiv- 
alent concentration of the similarly charged ions is co, and if ci, c-j, Ca 

are the equivalent concentrations of the several species of ions to which the 
solute actually gives rise, then it is possible to assign to each ion a quantity 
(Ai, A 2 , Aa, .... ), called its equivalent conductivity, which depends only 
upon the temperature, upon the natures of the ion and of the solvent, and 
upon the value of co ; which satisfies the formula Aco = AiCi + A^ca + 
A^ca -h . . . ; and which approaches a definite limit as co is reduced indefi- 
nitely, that limit being characteristic of the ion and independent of the 
natures and numbers of the other species of ions present. If the solute, which 
may be a mixture of substances, is completely dissociated, then c© = c, the 
equivalent concentration of the solute; m other cases, c© < c. If there is 
only a single solute and if it is completely dissociated, giving rise to only 
two species of ions, then Cx = ca = c and A = Ai -1- A 2 . This is the case 
for pure water, m which the molecules (taken as H 2 O) that are ionized are 
r^;arded as those of a solute, the others as those of the solvent. In this 
case the ions are H+ and OH*, and the concentration is always very low 
(see next paragraph), so low that Ai and A 2 have practically their limiting, 
constant values corresponding to zero concentration. 

The relation of the structure of the molecule to the conductivity of 
water has been considered by many, some of the more recent being J. D. 
Bernal and R. H. Fowler,^** J. D. Bernal,''^® John Rehner, Jr., and 
G. Waimier.”* 


Table 181. — Equivalent Conductivities of the Ions of Water.”® 


Unit of A- 1 Cmi equivalent-i ohni->. temp -1 ”0 Concentration indefinitely low 


I 

Aa 

Aoh 

Ah-HAoH 

0 

229 0 

118 

347 0 

10 

275 6 

149 

424 1 

15 

300 4 

164 5 

464, 

18 

315 2 

174» 

489, 

25 

350 0 

196 

546 0 

35 

399 6 

228 

627, 

40 

421 4 

244 

665, 

50 

464 3 

276 

740., 


• ‘ ™ inti^uction to the secUon on Electrical Conductivity of Aqueous Solu- 
tions, this value IS given as 173 8, making Ah + Aon = 489 0 At the same place 
and for 18 C the following values are given also 


J^/dAii\_ 
Ah\ dl ) 


001573, 


:0018 per “C 


«> Bernal. J D , and Fowler, R H, / Chem'l Phyt , 1, 51S-54S (1933) 
tn* Bernal, T D , Trans Faraday Soe , 30, 787 (1934) 

’“Rehner, John, Jr, Rrv Set Inst (N S ), S, 2-3 (1934) 

’“Wannier, G, Ann d Physik (S), 34, 545-568, 569-590 (1935) = Dur, Basel 
Kendall, J , Int Cnt Tables, 6, 259-304 (259) (1929) 

Anon, Int. Cnt Tablet. 6, 230, Table 3 (1939). 
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Electrolytic Ionization of Water. — (For photochemical dissociation and 
the energy involved in ionic dissociation, see Section 8.) 

Let the symbol [H*] denote the number of moles of H* ions per 1000 
units of mass of water*; that is, per 1000/18.0154 moles of HaO; and 
similarly for [OH"]. If water Associates solely in the manner HaO?:* 
H* + OH", then for pure water, [H+] = [OH"]. If the addition of a 
solute adds H^ ions to the solution, some of these will combine with OH~ 
ions to form neutral molecules. This will continue until the product K = 
[H+]‘[OH*] IS the same as it would be for pure water, but now, [H*] does 
not equal [OH“]. Similarly if the solute adds OH* ions. (A. Kling and 
A. Lassieur^*'' have suggested that the dissociation of water may not be 
restricted to the type just mentioned.) 

The quantity K is called the ionization product, and s logioif is 
called the ionization exponent of water. 

From these definitions and those in the earlier portions of this section, 
it follows at once that for pure water lOOOc/p = [H+] = [OH"] = "s/K] 

and = — =; where p = density. If the unit of mass = 1 gram and 

1000c p^/K ^ B 

of volume = 1 milliliter, then 1000c is the number of gram-equivalents 
of either ion per liter of pure water. 

The symbol pH is commonly used to denote the common logarithm 
(base 10) of the reciprocal of the number of gram-equivalents of H* per 
liter of solution (t.e., of the reciprocal of the “hydrogen-ion concentration”). 
Hence, for pure water pH = logio(pV^)'^ = i/2pu — logioP if the units 
are those just stated. ' 

E Truog has stated that, for water at 25 ‘’C in equilibrium with air 
of average CO 2 content, pH = 5 7 to 5 8, and not 7, as frequently assumed. 
This value is affected but little by changes in temperature, the effect of 
changes in the solubility of CO 2 being largely offset by clianges in the 
ionization. But if the air has been carefully freed of CO 2 and of NHs, 
the pH of water at 25 °C will be about 7. The time required for exposed 
water to come into equilibrium with the CO 2 in the air is very brief (see 
Section 86) 

Similarly S B Ellis and S J Kiehl found for the purest water 
pH = 7.01 at 27 5 °C , and that value has been confirmed by J. A. Cranston 
and H F. Brown.'^*® 

* Although it IS customary and convenient to define the quantity [H*] either in 
this way or in terms of a liter instead of a kilogram, such a definition introduces a 
purely arbitrary numerical factor.^ It would be more consistent with sound scientific 
custom to define [H'^l as the ratio of the number of moles of H'^ ions to the total 
number of moles (%e , of formula-weights) of HiO, and similarly in other cases. 

*^Kliiig, A, and Lassieur, A, Compt, rtnd , 111, 1062-1064 (1925), Ann dt Cktm (10), 15, 
201-227 (1931). 

«» Truog, E, Sctenct (N S ). 74, 633-634 (1931). 

foEUis, S. B., and Kiehl, S. J , / Am Chem Soe, SI, 2145-2149 (1935). 

™ Cranston, J. A., and Brown, H. F., Trans. Faraday Sac., 33^ 1455-1458 (1937). 
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In striking contrast with other observers, A. Klmg and A. Lassieur 
liave reported the very low value pH = 58, and maintain it in the face of 
criticism 1^ R. Cliquet-Pl^el although the conductivity of their water 
was very Wgh 


Table 182. — ^Ionization Exponent and Product for Water 
(For comparison of experimental values, see Table 183.) 


In computing the H and the LR values, the logarithms were carried one 
place farther thw they are given in this table. The tabulated values of K 
correspond to the more exact logarithms, whence such apparent discrepan- 
cies as occur between K and at 25 °C. For the pH value of water in 
contact with air, see text. 


K Unit of (H'*'! and of [OH-] ~ 1 g-mole of ion per 1000 g water 


Source*-* 

1 

ICT 

H 

LR 

Krr 

a 

LR 

0 

' 14.93 

14.952 

14.946' 

0.117 



0.112 

0 113 

5 

14.72 

14.741 

14.736 

0.190 

0.182 

0 184 

10 

14.53 

14.541 

14 537 

0 295 

0.287 

0 291 

15 

14J4 

14.352 

14 348 

0.457 

0 445 

0 448 

18 

14.23 

14 242 

14 240 

0 589 

0 572 

0 576^ 

20 

14.16 

14171 

14 170 

0 692 

0.674 

0677 

25 

13.99 

14 000 

14 000 

1 02 

0.999 

1000‘ 

30 

13 83 

13.838 

13 840 

1.48 

145 

1.45 

35 

13.67 

13.684 

13 687 

2.14 

2 07 

2 06 

37 

13.61 

13 624 

13.628 

2 46 

2 38 

2.35 

40 

13 52 

13.537 

13.543 

3 02 

2.91 

2.87 

45 

13.39 

13.397 

13.406 

4.07 

4.01 

3 93 

SO 

13.26 

13.265 

12 276 

5.50 

5 44 

5 30 

60 

13 03 

13 019 

13 036 

9 33 

9 58 

9.21 

70 

12.82 

12 796 

12.820 

15.1 

16.0 

15 2 

80 

12.63 

12.595 

12 626 

23 4 

25 4 

23.7 

90 

12.45 

12 413 

12 451 

35J 

38 6 

35 4 

100 

12 29 

12 249 

12 295 

51.3 

56 4 

50 8 

150 

11 63 

11 641 

11.729 

234 

229 

186 

200 

11.26 

11 293 

11 428 

550 

509 

373 

250 

11.17 

11.119 

11 302 

676 

761 

499 

300 

11.40 

11062 

11 295 

398 

866 

507 

306 

11.46 

11.062 

11.300 

347 

867 

501 

Source*-* 

i 

HH.HC 

Hamed and Geary (HG)« 

HM HD HO 

lAUV 

Mean 

Mean 


0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 


(0 1151 
(0.186) 
(0 293) 
(0 452) 
0.681 
1 008 
1471 
2.088 
2.916 
4.016 
5.476 


0.1134 
0.1850 
0 2919 

0 4505 
0 6806 

1 007 
1.470 
2.091 
2.914 
4.017 
5.482 


0.1132 
0.1842 
0 2921 

0 4504 
0 6806 

1 007 
1.467 
2.088 
(2 891) 


0.1125 
0 1834 
0.2890 

0 4500 
0.6815 

1 009 
1.466 

2 090 
2.920 
4 023 
5.465 


‘S' 201-227 


0 1133 
0.1846 
0.2920 
0 4503 

0 6809 

1 008 
1 468 
2.089 
2.917 

4 018 

5 474 


logioX'-i 

14 9458 
14 7333 
14 5346 
14 3465 
14.1669 

13.9965 
13.8333 
13 6801 
13 5351 
13.3960 
13.2617 


(1931), Comft, mJ, 201, 
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* Sources 

ICT Bjernim, N,*™ those designated as ''best values"; they are based upon the escpert- 
mental values listed m Table 183 Values for temperatures below 100 *C rest upon 
no determination of potential or of hydrolysis based upon dissociation as inferred 
from the conductivity, at higher temperatures the greatest weight is given to the 
determination of potential 

H A Heydweiller's formula™ (see also Bjerrum, N.™), logiolC*^ “ 24 25 

273 T t 

logioC273 + 0-66 4678 

HC Harned, H S, and Copson, If B, / Am Ckem Soe , 55, 2206-2215 (1933) 

HD Harned, H S, and Donelson, J G, Idem, 59, 1280-1284 (1937), 

HG Harned, II S , and Geary, C G , Idem, 59, 2032-2035 (1937). 

HH Harned, H S , and Hamer, W J, Idem, 55, 2194-2206, 4496-4507 (1933) 

HM Harned, H S, and Hannnreiler, d E, Idem, St, 1873-1876 (1935) 

LR Formula given by G N Lewis and M. Randall '** (See Bjerrnm, N ™), logiuK-^ ^ 

• « logio(273 1 + O - 73.424. 

* In his compilation,™ M. Randall gives for the “equilibrium constant (activities) ’’ 
xI0“ the values 0114 at 0°C, 0 58 at 18 and 1.005 at 25 °C, based on the data 
of G N Lewis and M Randall,™ and of R. Lorenz and A Bohi ™ 


Table 183. — Ionization Exponent for Water: Comparison of Values 


For final value derived by Bjerrum, and for values computed 
by means of formulas, see Table 182. 

All data m this table have been taken from the compilation of 
N Bjerrum.’*® Recently, E J. Roberts (Ro)® has reported for 25 °C, 
IQi® a: = 0988 ± 0 004, 2 logtoK'^ = 14.005 ± 0002. 


Method* 

Cond , Hydrolysis . ^ Potential — — ^ 

Property* . — Ionisation — . — Activity — . , lon-concentration . Activity — . 

Ref • KH Lun Kan Lun Kan LB PT Mic Sor LR' Bn* 
t , 9,—logi«K"i , 


0 

14 

.93 


15 05 


14 

99 

14 87 


10 

14 

52 

14 51 


14 47 





IS 



14 34 


14 30 





18 

14 

22 


14.34 


14 

27 

14.15 

14 13 

25 

13 

98 

13.98 

14 09 

13.94 

14 

03 

13.92 13.91 

13.89 


14 945 14.926 


14 14 14 239 14 222 
13.998 13.980 


30 

37 

40 

50 

60 


13 S3 
13 25 13 29 


13 49 
13 25 


13 76 

13 41 
13.06 
12 90 


13 72 

13 50 13.626 13 590 

13 42 

13.273 


70 


12 67 

80 


12 46 

90 

(NK)* 

12 37 

100 

12 28 


156 

11.57 (Sos)' 


218 

11.19 


306 

11 46 



12 29 


• Methods Cond = computed from the conductance of the purest water The 
values are said to have been computed by means of the Heydweiller formula (H of 


Cliquet-PIeyel, R , lour de Phye (TJ, 
Chem Abet, 31, 7727 (1937) <- Doc Set. ^ 


7, CP 21 (1936)*- Doc. 5c», 4, 104-113 (1935); 
65-70 (1936) 


Kling, A, and Lassieur, A, Imr de Phye (7), 7, CP. 21 (1936) <- Doc Set, 4, 225-229 
(1935). Lassirur, A, Chem Abe, 31, 7727 (1937) 4- Doc Set, 5, 11-15 (1936) 

^4 Randall, M, ltd tnt lahUt. 7, 224-313, 347-353 (232) (1930). 

*** Lewis, G N, and Randall, M, I Am Chem Soe, 35, 1969-1993 (1914) 
f* Lorenz, R., and Bohi, A,, Z, phynh Chem, 66, 733-751 (1909); cf. G. N. Lewis and 
M Randall.™ 
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Table 183 — (Continued) 

Table 182), but they differ appreciably from those so computed by the present compiler 
(see Table 182). 

Hydrolysis = computed from the hydrolysis of weak acids and of weak rases 

Potential = computed from the potentials of cells having a hydrogen electrode m 
either an add or an alkaline solution. 

•Property utilized* Both ionization and ion-concentration were determined from 
the observed conductance Activity = activity-coefficient (/) of the ions ; in the 
method of hydrolysis, it was computed by means of the formula logu/'* = 0 3 y/ci; 
Ct = concentration of either species of ion (unit = 1 g-mole per kg of water ) ; in the 
method of potential, it was calculated by thermodynamic methods. 

* References . 

BU Bj^rrum, N , and Unntack, A , Kfft Danskt l^tdenskab StUkabf Math-fys Medd , 
», No 1, pp 208 (1929). 

Ka Kanolt, C. W , Canugit Itut Wash, PM., 63, 283-298 (1907). 

KH Kohlranach, F , and Ueydweiller, A 
I.R Lorenz, R . and BShi, A 
LR Lewia, G N., and Randall, M ™ 

Lun Lunden, H , J dt chtm pkyi , S, 574-608 (1907) 

Mic Michaelia, L, **Die Waaserstoffionenkonzentratiun,** Berlin, J Springer, 1914 
NK Noyea, A A, and Kato, Y, Ctmegte Inst H'atk , PM. No 63, 151-190 (1907) 

PT Poma, G, and Tanzi, B. Z pkynk Ckcm , 79, 55-62 (1912). 

Ro Roberta, Z, J, J Am Chtm Soe, 52, 3877-3881 (1930) 

Sor SSrenaen, S P L, Bioekem Z , 21, 131-304 (1909) 

Soa Soanian, R B, Carnegtt Inst. Wash, PM 63, 191-235 (1907) 

* Observations were made at 25 “C, and values of K at other temperatures were 
computed from that at 25 °C by means of the LR formula of Table 182, which 
assumes that the heat of neutralization is (29210 — 53T) cala, per equivalent 

•The Debye-Huckel square-root formula™ was assumed as the limiting law at 
infinite dilution A = f^Ao, /^ = 1 — A\/ct where A depends upon the solvent, the 
solute, and the temperature, and c* — concentration of either species of ion ; the unit 
of c< must accord with those used in A, as A y/H is dimensionless 


Conductivity of Rain-water. 

For freshly fallen rain-water at 17 6 °C, H Schmidt found 10 ®k = 128 
(ohm-cm)'*. For purest water at 17 6 °C, 10®* = 0 036 (ohmem)'^. 
Table 180. 

Conductivity of Sea-water. 

The composition of sea-water varies from place to place, and from time 
to time, depending upon the evaporation and the inflow of fresher water 
from streams, ice-bergs, and precipitation ;. its electrical conductivity like- 
\Mse varies Sea-water averages about 35 g of salts per kg. Data for 
variations in the salinity (S), composition of the salt, and temperatures of 
the oceans are given elsewhere (see p. 654) In the following, the unit 
of 5 is 1 g salt per kg of sea-water. 

E. Ruppin^*® has found that the electrical conductivities at 0, 15, and 
25 °C, respectively, may be computed by means of the expressions : 1()®ao = 
9785- - 5 965® -K) 05475® ; 10®«i5 = 14655 - 9 785® + 0.08765® ; 10«k 25 = 
18235 — 12 765® -1-01 1775'' ; and O Krummel ®®® has stated that Knudsen 

’w Debye, I’, and Huck<1, F, Z, 24, 305 125 (1923) 

^Schmidt, H, Jahrb d drahtlos fcleg , 4, 636-6)8 (1911) 

49 (N F ), 9, (Abt Kiel), 178-183 (1906) -♦Z. anorg, Chem , 

Krnmmcl, O., **Haxidb. d. Ozeanog Vol 2, 1907. 
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has found that, whatever the value of S, logioKt = logioKis + a(# — 15), 
where a = 0.01135 when f *= 0 °C, and a = 000928 vjhen / = 25 °C. 

The conductivity is the same for all frequencies from zero to 100 kilo- 
cydes/sec,^®^ but R. L. Smith-Rose has reported that the conductivity 
of a sample taken from the English Qiannel increased, at 20 °C, from 
0.043 (ohmcm)'^ at 0.5 kc/sec to 0060 (ohmcm)"^ at 10,000 kc/sec. He 
found a mean temperature coefficient of k to be 2.7 per cent per 1 °C, between 
0 and 40 "C; Rivers-Moore derived three per cent from observations 
in the range 12.0 to 18 3 °C ; and H. Sdimidt derived 1.5 from obser- 
vations in the range 18 to 21.4 °C. All of these are markedly greater than 
Knudsen’s values, and rest on less extensive data. 

Table 184. — Electrical Conductivity of Sea-water™® 

Accepting Ruppin’s formulas (see text) connecting k and the salinity 
(S) and Knudsen’s values for the temperature coefficient (a) of k, and 
assuming that the variation in a is linear in the temperature, Kriimmel has 
computed the following values. 


Unit of 5 ■■ 1 g salt pef kg sea-water, of I (ohm cm)”*. Temp 


s-> 

1 

0 

5 

10 

15 

20 

25 

30 

35 

40 

r 

48 

92 

135 

176 

216 

254 

293 

331 

5 

55 

107 

156 

203 

248 

292 

335 

378 

10 

63 

122 

178 

231 

283 

332* 

382 

430 

15 

71 

138 

201 

261 

319 

375 

431 

486 

20 

79 

154 

225 

292 

357 

420* 

482 

543 

25 

88 

171 

249 

323 

394 

464 

532' 

601 

30 

97 

187 

273 

354 

433 

510 

585 

660 

•For 

sea-water 

from 

off the 

coast near 

Hastings, 

England, S 

not stated, 


Balth V d Pol found = 377 at 12 5 . 

* For surface water from the North Sea, S not stated, H. Schmidt found 
10*ic = 397 at 20 

* E G Hill measured « at 25 for sea-water of various concentrations lying: 
between Cl = 20 439 (5 = 37) and (U = 21 533 (5 = 39), obtaining values about 2.S 
per cent smaller than those given by Ruppin’s formula But T Shedlovsky"* found 
for a sample from Tortugas, 2S "C, Cl = 1?.92 g/kg (S' = 36.10) , le = 0 05419, only 
0 8 per cent smaller than the tabular values indicate. 


51 Kerr Electro-optic Effect for Water 

When water is subjected to a uniform electric field it becomes slightly 
birefringent, behaving like a positive uniaxial crystal with its axis in the 
direction of the field. If no and », denote, respectively, the ordinary and 
the extraordinary index of refraction for light of wave-length X in vacuo, 
then (n, — no)/X£® = C is independent of the field (E) and ii known as 
the Kerr electro-optic constant, or the coefficient of electric birefringence. 
The value of C depends upon A and the temperature as well as upon the 

mv d P<d, Balth, Jr, PM. Ma, fd), 36, 88-94 (1918); Riven-Moore, H R, E/tetnnan 
(London), 82, 174-176 (1919) 

«HiU, E. G, Proe. Roy. Soc. Ed%nbnrgK 27, 233-243 (1907). 

w Shedtovaky, T., private CQOimuaicatio& from Dr L. R. Blinki through Mr. R S Quid. 



382 


PROPERTIES OP ORDINARY WATER-SUBSTANCE 


nature of the substance. T. H. Havelock has developed a theory that 
seems to accord well^with the observed facts On this theory Ckn/ («*— 1 )* 
is a constant for a given temperature, « being the ordinary index of refrac- 
tion for light of wave-length A. This theory, as well as that of Cotton and 
Mouton, requires that («, — n)/(no — n) = — 2. The experimental 
determination of this ratio of the absolute retardations is rendered extremely 
difficult by the presence of electrostnction and of thermal effects. In those 
cases in which the effect of these has been eliminated, the ratio has been 
found to be —2.’®* Apparently it has not been determined for water. 

M. Pauthenier reports that at 17 °C and for the D-line the value of 
C for water is 1.23 times its value for CS 2 This is the value accepted by 

H. Mouton as the best available at the time his compilation was pre- 
pared. Accepting, with Pauthenier, L. Chaumont’s data for CS 2 ,^®® Have- 
lock’s formula for the variation of C with X and fi, and F. F. Martens’ 
formula for the refraction of CS 2 ,”* increasing tliat » by 0.00090 in order 
to reduce it from 18“ to 17 “C, we have as follows for CS 2 at 17 “C: For 
X = 0.54607^, lO’C = 3 6315, n = 1.63811, IO^CXu/Cm® - 1)® = 1.1463; 
for X = 0 57801 fi, lO^C = 3 3580, n = 1 63171, lO^^CXM/Cn® - 1)* = 

I. 1459. Using the mean value 10 '^CX«/(k® — 1)® = 1.1461, we find for 
X = 0.58931 /It and ftu = 1 62974, lO’C = 3 2728 for CS 2 , the D-lines, and 
17 “C. This essentially agrees with the value that may be derived from the 
data given in Mouton’s compilation ^®^ 

Whence for water at 17 “C and the D-lines (X = 5893A) 

C = 4 03 lO^cgse 
= 00363 cm/volt* 

Taking n = 1 33324, this gives for the Havelock constant for water at 17 “C 
the value CXn/(n® — 1)* = 5 24 lO'^’cgse = 472 10'®cmVvolt® In his 
review of the molecular field problem, F. G. Keyes accepts the value 
(reference not given) CX/» = 14 4 lO'^^cgse for water at 20 “C That 
leads to C = 3 25 10 '^egse for the D-lines and water at 20 °C, which can 
be reconciled with the preceding value for 17 “C only by assuming the very 
great temperature coefficient of 8 per cent per 1 “C That for CSo is only 

O. 5 per cent per 1 “C ; using that with the 17 “C value for C leads to 17 6 
10'*®cgse for CX/n for water at 20 “C, which is the value given by 

P. Debye on the basis of Pauthemer’s observations (For the quantity 
CX/«, 1 cgse = 1 £ cm®/erg, e = the unit of dielectric constant ; for C, 
1 cgse = 1 £-cm®/erg.) 

If the electric field is oscillatory and its frequency is near that of a 

"*H«Te1ocWT II Proe Roy Sac f London) (A), 77, 170 1 82 (1905). SO, 28 44 C1907I. Phys 
Ufr;, 28, 136-139 (1909) 

’■Pauthenier, M, Ann dt Phys (9), 14, 2)9-106 (1920), Jour do Ph\s (A), 2, 181-196 (1921) 
■■Pauthenier, M, Jour de Phys (6), 2, 384-389 (1921) 

"■Mouton, H, Int Crit Tables, 7, 109-113 (110) (1930) 

"•Chaumont, L, Ann de Phys (9), 4, 61-100, 101-206 (1915), 5, 17-78 (1916) 

■•Martens, F F, Ann d. Phystk (*). f, 603-640 (632) (1901) 

■"Keyes, F G, Ckem'l Rev, 6, 175-216 (1929) 

■n Debye, P., Handb d Redul (Marie), 6 , 597-786 (770) (1925). 
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characteristic system in the substance, the Kerr constant may differ markedly 
from its value for static fields. Effects, at first thought to be of this kind, 
were reported for water by A. Bramley,^” but were later shown by him 
to have another origin.”* 

52. Electrical Discharge in Water 

High-potential discharges between electrodes immersed in water are of 
various types — arc, brush, corona, spark — depending upon the nature 
of the circuit, and are accompanied by mechanical disturbances of the liquid. 
Such disturbances may exist — owing to electrostatic forces between the 
electrode and the electrically charged water — even when the discharge is 
feeble. M. Katalinic’^* has described the production of waves and of 
sprays when a high-voltage a.c potential is applied to a wire electrode dip- 
ping in, or lying just below, the surface. He states that at 0 0004 cm from 
the electrode the potential gradient may be over 2 megavolts/cm when the 
applied voltage is 1200 volts. 

Arc. 

The spectrum of under-water arcs between carbon electrodes has been 
studied by H Konen ; and H D Carter and A N Campbell ”* have 
studied the electrical products formed, using electrodes of various materials. 
The latter found that the rate of evolution of gas increases with the tem- 
perature of the water, and is independent of the pressure, at least to 23 atm, 
and that the temperature of the arc depends upon the nature of the elec- 
trodes and upon the temperature of the water, increasing about 1500 ‘’C 
when the temperature of the water is increased from 5 °C to 100 "C. They 
give a bibliography of 46 entries. J. W. Shipley has studied the arcing 
that occurs under certain conditions in the a.c electrolysis of water, using 
solutions of NaOH 

Brush. 

The color and spectrum of the brush discharge in water, and their 
variations with the conditions, have been studied by H. Smith.”* 

Corona. 

Two types of impulse corona in water have been described by Y. Tori- 
yama and U. Shinohara.^” Using point-to-plate electrodes and impulses 
of 10 to 100 microseconds duration, they obtained a pink discharge having 
a line spectrum. With a higher crest voltage and a duration of only 0 1 

™Bramlcy, A, T FronWin Inst, 20C, 151-157 (1928), Phys Rev <2), 33, 640 (1929) 
"iBrajnley, A, } Opt See Amer., 21, 148 (1931) 

™ Katalmic, M , Z Phynk, 77, 257-270 (1912) 

™ Konen. H., Ann d Phystk (4). 9, 742-780 (1902) 

^Carter, H. D, ^nd CaAipb^lli A N» Trurtj Poroddy Sof‘ , 28| 479*496, 634*644 (1932)*^ 
Trans Ehctroch Sot , 63, 419*423 (1933) 

^Shipley, J W, Trans Am Electrochem ^ae , 55, 105-116 (1929). 

Smith, H , Phxl Mao (6), 27, 801-823 (1914) 

^Tortyama, Y, and Shinohara, U, Nature, 132, 240 (1933). 
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microsecond, the corona was white, and the illustration they give indicates 
that the spectrum was continuous 

Spark. 

The spectra of sparks in liquids and between electrodes of various kinds 
have been much studied. A report on the subject, including a bibliography 
of 23 entries, has been published by J. A. Anderson.'^*® From such sparks, 
bubbles of gas are projected with considerable velocity, and in amounts 
greater than can be accounted for by electrolysis. For the water-spectrum 
of such sparks, see Section 46. 

Y. Toriyama and U. Shinohara^®* have found that there is no direct 
relation between the conductivity of a liquid dielectric and its break-down 
voltage* the break-down is an electronic phenomenon, the conduction, an 
ionic one Using needle points separated by the distance d, and “impulse 
voltage chopped at the tail of the impulse wave,” they found the following 
values for the break-down difference of potential (F) for water of con- 
ductivity 1.43 X (ohm cm)-*- 

d 0 4 0 8 1 2 1 6 2 0 2.4 mm 

V 17.5 200 225 25 2 27 7 30 6 kv 

These values of V were read from their graph 


53. Magnetic Susceptibility of Water 

The permeability (ft), the (volume) susceptibility (ic), the specific 
susceptibility (x), and the density (p) of the medium are so related to the 
magnetic induction (B) and the resultant intensity (//) of the magnetic 
field that B = fiH = (1 -f 4irK)H and x = "/p The specific susceptibility 
(x) IS also called the coefficient of magnetization, if it is negative, the 
medium is said to be diamagnetic. 

There is nothing to indicate that the value of x for water depends upon 
the strength of the field Fields of 1 2 to 40 kilogauss have been used.*®® 

Detailed discussions of methods and of the several determinations of 
the susceptibility of water and its variation with the temperature have been 
published by P. Seve,**® A Piccard,*®* W Johner,*®® and recently, again 
by Seve *®® 

The most precise determinations yet made are those by A. Piccard and 
A Devaud*®* giving 10®x = — 71992 ± 0 11 cgsm (10 ®k = — 71864) at 
20 ®C ; and by H. Auer *®® giving 10*x = — 721 83 0.48 cgsm at 20 °C. 


Anderson, J A, Int Cm TaMcj, S, 433 (1929) 

"•Toriyama, V, and Sbinohara, U, Pkys Rfv (2), 51, 680 (L) (1937) 

"•Hayes, H C, Phvs Rev (2), 3, 295-305 fl914)! Wills, A P, Idem. 20, 188-189 (1905), 
de Haas, W. J, and Drapier, P, Ann d Pkyetk (4), 42, 673-684 (1913) 

"•Sive, 'P, Ann de ektm et pkve (t), 27, 189-244, 425-493 (1912)-»)o«r de Pkys (5), 3, 
8-29 (1913) 


"•Piccard, A, Arek set pkvt rt not (4), 35, 209-231, 340-359, 458-482 (1913) 
"•Johner, W., Hetv Pkys Acta. 4, 238-280 (1931) «Duj, Bern, 1930 
"•Sdve, P, Congris Internet d'tleet , Sect 2, Report II, Pans, 1932 
•• Piccard, A , and Devaud, A , Arek set pkys et not (5), 2, 455-485 -» 410 (1920) 
•" Auer, H , Ann d Phytik (S). U, 593-612 (1933) 
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The great difference between these two values (over 3 times the sum of 
their estimated uncertainties) is yet to be explained. The value accepted 
by the experts for the Internattonal Critical Tables is —720, essentially 
that obtained by Piccard and Devaud. 

The surprising results reported by A. P. Wills and G. F. Boeker,''*® 
indicating a marked variability and a kind of hysteresis m the susceptibility 
of water, have not been confirmable,'^®*' ''®“ and seem to have been due to 
leaks in the apparatus.''®^ But even after these have been eliminated the 
trend of the slope of the (x. 0 curve changes abruptly near 35 °C and near 
55° C.™^' ^®® 

Cabrera and Fahlenbracli found that the value of x for water from 
freshly melted ice was the same as that for water that had not recently 


Table 185. — Specific Susceptibility of Water at 20 °C 


It is believed that the first and the third entry represent the same 
observations. 


Unit of X f cgsm 


Year 

Ref « 

-ID** 

-lO*. 

1912 

Weiss and Piccard 

719.3 

720 6 

1912 

Seve 

719.1» 

720 4 

1913 

Piccard 

719.3 

720 6 

1913 

de Haas and Drapier 

721 

722 

1914 

Ishiwara 

720 

721 

1920 

Piccard and Devaud 

71992*0 11 

721 19 

1929 

Int Crtt Tables 

720 

721 

1933 

Auer 

721 83*0 48 

723 11 


• References 

Auer, H . Ann d Phystk (5), 18, 593-612 (1933) 

de Haas. W j, and Drapier, Ann d Physik (4), 42, 673-684 (1913) 

Cm Taolts K Honda, T Ishiwara, T Sone, and M Yamad^ Int Crit labia 6, 
354, 356 (1929) Baaed on work of W J de Haas and P Drapier, t Ishiwara, A Piccard 
and A Devaud,’®’’' ^ P S6ve,’®*’ * P Weiss and A Piccard, and A P Wills 

Phy4 Rev, 20, 188-189 (1905), refeiences to the first two papers and to the next to the 
last are given elsewhere in this list 

Ishiwara, T, 5ci Rep Tdhoku Imp Univ , Senda* (1), 3, 303-319 ^’1914) 

Piccard, A, Arch set phys et nat (4), 3i 209-231, 340-359, 458-482 (1913) 

Piccard, A, and Devaud, A , Idem ($), 2, 455-485 -♦ 410 (1920) 

S8ve, r. Ann de chtm et pkys (8), 27, 189-244, 425-493 (1912) 

Weiss, P, and Piccard, A, Compt rend, 155, 1234-1237 (1912) 

* This IS the mean of the values for the two methods as corrected by Piccard 
loc cit , and reduced to 20 "C by means of the coefficient 0 00012 


been frozen, the temperature being the same in both cases. But F. W 
Gray and J F. Crui'kshank,'^®* using a method by which the value of x 
could be observed continuously, have reported that the numerical value 
of X for water from freshly melted ice increased for a time, reaching a 
maximum about 20 minutes after the melting, and then falling abruptly to 
a constant value. They seek to explain this variation in terms of the molec- 
ular structure proposed by Bernal and Fowler (p 174). 

’“Wills, A P, and Boeter, O F. Phys Fev (2), 42, 697-696 (1932) 

’» Cabrera, B , and Fahlenbrach, H , Z Phystk, U, 759-764 (1933) 

»* Wills, A P, and Boeker, G F. Phys Rev (2), 4«i 907-909 (1934) 

’"Seely, S, Phys Rev (2), 52. 662 (L) (1937). 

’"Gray, F. W, and Cruiksfaank, . F, Natm, 135, 268-269 (L> (1935) 
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O. Specchia has suggested that an interference method might be used 
to advantage for measuring the change in level upon which rest many of 
the determinations of x« 

The effect of variations in temperature upon the value of x for water is 
so slight that it is difficult to measure. In the earlier measurements it was 
not only masked, but actually reversed, by errors and parasitic effects. In 
1932 it seemed that (xt — X 2 o)/x 2 o = — 20) with lO^ot = + 1.31, but 

later work indicates that the relation is not linear (see Table 186). 

Explanations of the variation of x with the temperature, generally in 
terms of changes in the polymerization, have been proposed by A, Pic- 
card, W. Johner.r®® R N. Mathur,™® M A. Azim, S S. Bhatnagar, 
and R. N. Mathur,’®^ g Cabrera and H Fahlenbrach,™* G. Tammann,™® 
and K Honda and Y Shimiza '’®® , and Mathur ''®® has remarked that any 
progressive change in the uniformity with which the molecules are aligned 
by the field should result in a corresponding change in x From the observa- 

Table 186. — Variation of the Specific Susceptibility of Water 
with the Temperature 

From the data available in 1932 it appeared that the specific suscepti- 
bility of water varied linearly with the temperature, the most probable value 
of «= (l/x 29 ) idxfdt) being 0000131 per 1 “C.''®® But the observations 
by Piccard (P 1913)® and by Mathur (Mr 1931)“ did not accord with that 
conclusion, and neither do the more recent observations by Auer (A 1933)®, 
Cabrera and Fahlenbrach (CF 1934)®, Wills and Boeker (WB 1934)®, 
and Seely (See 1937)“ The values tabulated by O Specchia and G. Das- 
cola ®®® for ordinary water seem to he seriously m error 

The formula published by Cabrera and Duperier (CD 1924, 1925)® 
and quoted in .some compilations is now admitted to be wrong, actually 
defining a variation in the wrong direction ; that given by Wills and Boeker 
fWB 1934)“ for the range 20 to 66 “C is x/x 2 o = 1 - 1.3(t - 20)/10® - 

0 7(f — 20)®/10®, and defines the values given under WB in the second 

section of this table. 

In the first section of the table are given the several values of the 

linear coefficient (a) that have been proposed and used In the second 

are the several sets of values that have been obtained for — xso and for 
— (x — X 2 o) From them the corresponding values of x for each of the 
tabulated values of f may be obtained e g , the observations of P give the 
values — 10®(x — X 2 o) = — 09 at 10® C and — 10®x->o = 719 3, whence 
-10®x = 7193 - 09 = 7184 cgsm at 10®C. 

I** Specchia, O, Atti Accad Ngz d Iwcct (6), 7, 574-576 (192B) 

“w Piccard, A, rend, 155, 1497-1499 (1912) 

""Mathur, R N , Indian J Ph\s 6, 207-224 (1931) 

wAkiiii, M a, BhatnaKar, S S ,iiul Mathur, K N, PM Mag (7), 16, 580-593 (1933) 
"•Cabrera, D, and Fahlenbrach, H Compt rrnd, 197, 379-381 (1933) 

""Tammann, G, 2 Phvstk, 91, 410-412 (1934) 

Honda, K., and Sbimiza, Y, Set Rep, Tdhoku Imp l/mv ^Sendai), 25, 939-945 (1937). 
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Table 186— r Conltntted) 

Unit of X “tcfim; o£ a -1 per 1 °C. Temp "I “C 

I. Linear coefficients. Not to be preferred. 


Ref.» WP 

Year 1912 

10<a 1 2 

t 0 to 80 


Me J. CJP 
1916 1930 

1.00 IJl 

0 to 130 0 to 100 


1932 
1 31 


ABM CP 

1933 1933 

1 39 1 IS 

20 to 70 0 to 100 


II. Various sets of values of X 20 and x — Xao- The Se set lias been 
computed by means of the linear coeffiaent lO^a = 1 31 that was accepted 
in 1932; the others, except ABM, are experimental values, and do not 
vary linearly with the temperature; — 10®x = — 10®x2o — 10®(x ~ Xzo)- 


Ref 

Year-* 

-l^Xso 

Si 

1932 

720* 

P 

1913 
719 3 

Me 

1916 

720* 

Mr 

1931 

720* 

ABM 

1931 

720^ 

— — 

A 

1933 

721 83 
Xn) — — - 

WB 

1934 

7204 

CP 

1934 

720» 

See 

1937 

720» 






•“'A 





0 

-1.9 

-2.0 

-20 




-2 1 

-1.66 

-2.1 

1 

-1.8 





-2 87 




5 

-14 

-1 5 




-2 01 

-14 



10 

-0.9 

-09 

-00 



-1 16 

-10 

-0.83 

-l.I 

IS 

-05 

-05 


-05 


-0 52 

-05 



20 

0 

0 

0 

0 

0 

0 

0 

0 

0 

25 

-1-O.S 

-(-03 


-1-1.8 


-(-0 41 

-(-0 5 



30 

09 

08 

-l-l 5 


1 

0 75 

09 

-1-0.83 

-I-IO 

35 

14 

10 


33 


1 03 

1 3 



40 

19 

14 

20 


2 

1 29 

1.7 

1.66 

I 7 

45 

2,4 

1 7 


5 1 


1 54 

2.0 



50 

28 

1 9 

3 1 


3 

1 78 

2.4 

2.48 

22 

55 

33 

2.2 


72 



27 



60 

38 

24 

3 1 


4 

2 23 

2.9 

3 31 

30 

65 

4.2 

26 


84 



32 



70 

47 

2 7 

3.9 


5 

2 71 

3 4 

4 14 

44 

75 

52 

28 


97 





5.2 

80 

56 

29 

44 


6 



4.97 


85 

61 

30 








90 

6.6 

30 

5.7 





5.80 


95 

7 1 

3 1 








100 

7.5 

3.2 

62 







no 

85 


7 2 





7.06 


120 

9.4 


7.5 





7 06 


130 

10 4 


7 7 





7.06 
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Fu Qutm, 31, 401-411 (1933), Z Phynk, 89, 166-178 (1934) See also, Ann Soi 
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tions of Cabrera and Fahlenbrach and Rao’s estimate of the relative 
abundance of the several polymers,®®^ L. Sibaiya ®®" has computed the value 
of X for each of the polymers assumed by Rao, finding: 10®X2o = — 775.5 
for (H 2 O), -722.2 for (H20)2, and -701.3 for (H20)8. 

54 Verdet Constant of Water 

When plane-polarized light passes a distance I through a substance in a 
uniform magnetic field of strength H, the angle between the direction of H 
and the direction of advance of the light being 6, then the plane of polariza- 
tion is rotated through an angle a, in the direction in which a right-handed 
screw lying along I must be turned in order that its advance shall be in the 
same direction as that of the component along I of the light, such that 
a = VIH cos 6, V being a factor determined by the substance, its temper- 
ature, and the wave-length of the light If V is positive and 6 is zero, the 
rotation is in the direction of the amperian currents that are equivalent to 
the field H. 

This phenomenon is often called the Faraday effect, and the factor V 
is commonly called the Verdet constant 

The effect appears very quickly after the field is applied. The exact 
amount of lag, if any, is not know n Not only docs the early conclusion of 
J. W. Beams and F. Allison ®®^ that the lag for water exceeds that for CS 2 
by 1.1 m/isec seem to be incorrect as to the numerical value (cf. F Alli- 
son®®®), but doubt has even been cast upon their interpretation of their 
observations (see, eg,] W. Beams and E O Lawrence,®®* E Gaviola,®®'^ 
F G Slack, R. L Reeves, and J. A. Peoples, Jr *®®) There is at present 
no generally accepted experimental evidence of any lag at all Similar 
remarks apply to Allison’s early conclusions that the difference between 
the lags for water and for CS 2 vanishes when the liquids are exposed to 
x-rays, and that such exposure increases slightly the value of the Verdet 
constant.®®®* 

Effect of Temperature. 

For the D-lines (A = 0 5893 /t) and within the range 4 °C to 97.7 °C, 
= 131.1 — 0.004001 — 0 000400<* minute-of-arc per cm gauss.®®® This 
formula is equivalent to that given by A Cotton and R Lucas,®“ and leads 
to the following values : 

L. Current Set, 3, 421-422 (1935) 

*“ Spwchia. O. and Dascota, G. Nhovo Cm (If S ), 12, 606-609 (1935) 

■“ Beiims, J W, and Allison, F, Phys Rev. (2), 29, 161-164 (1927) 

«» Allison, F , Idem. 30, 66-70 (1927) 

•“Beams, J W. and Lawrence, E O , / Franklin Inst, 206, 169-179 (1928) 

"wCivioIa, E, Phys Rev (2) 33, 1023-1034 (1929) 

*» .Slack, F G , Reeves, R L , and Peoples, J A., Jr , Phys Rev (2), 46, 724-727 (1934) 
"“•Allison, F, Phys Rev (2), 31, 158-159 (A) (1928) 

.. ’ *"'* Watson, W., Phil Trans (A), U6, 621-655 (1895) -rZ physik Chem . 

198 322>363 Clo96/« 

“•Oitton, A , and Lucaa, R , Int Cnt, Tables, f, 425 (1929), 
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t 0 20 40 60 80 100 °C 

10«Fi, 181.1 130 8. 130.3, 129.4, 128.2, 126.7, 

For water, the ratio of Vu to the density is essentially constant if 
t <20 °C, but above 20 “C the ratio increases almost linearly with t, about 
1 4' X 10‘*cm~^ gauss'^ cmVg-deg.*®*. 

It is generally assumed, and the data available in 1932 indicated (e.g., F. 
Schwers that VxfVo is essentially independent of the common tem- 
perature, at least over a moderate range including 20 °C. 

But the recent observations by F. G. Slack, R. L. Reeves, and J. A. 
Peoples, Jr. suggest that V\/Vd may vary slowly with the temperature , 
they report as follows, Vtu being the value of F for A = 0.546 p.. 


trc) 

IS 

20 

30 

40 

45 

10*Vo 

132 0 

131.9 

132.0 

131.8 

131.7 

10*Vu, 

156 5 

156 0 

154.6 

153 5 

153 0 

V^/Vj, 

1.185 

1.183 

1.171 

1.165 

1.162 


Their value of Vd for f = 20°C being 077 per cent greater than the one 
generally accepted (see Table 187) 


Dispersion of the Verdet Constant. 

As just stated, (V\/Vi))t is essentially independent of t if t is not far 
from 20 °C, but the several sets of measurements of V for a fixed tempera- 
ture and various wave-lengths exhibit annoying discrepancies, and a direct 
graphical comparison of them is not satisfactorily accurate. Furthermore, 
It is quite laborious to determine the deviation of each value from that 
demanded either by the equation (1) proposed by P. Joubin 

V\ = 0 0027885 fn - 77 65\Jn/d\) ( 1 ) 

or by that (2) given by S S Richardson®^** 

0 003265,[(-;^^g^)V07381o] (2) 

or by that (3) used by U. Meyer ®*® 


*In Intematwnal Critical Tables, 6, 425, where the expression in parentheses is 
written in the form 

13751 A, as Richardson gives X' = 001891 m’ 


( — — jY Xi IS incorrectly given as 1260 4A It should be 
X 


Exactly similar formulas, but with different constants, have been proposed by 
G Bruhat and A Guinier,"* n\’V = 00039470 [0 4.3090 + XV(X> - 001680r], and by 
I. T. Pierce and R W Roberts," n\’V = 00038723 [0 45658 + XV(X* - 001719)*], as 
representative of their own sets of observations Each thinks that the formula given 
defines V to within 1 m 1000; the first, for the visible and ultraviolet spectrum, the 
second for the infrared 

•“Schwers, F, Butt Aeai Roy Bela, ItiT, 7I9-7S2 fl912) 

•“Sl.ick, F G, Kecvcs, R L, and Pen|Jcs, J A , Jr Plivi Rev (3), 46, 724-727 (1934) 
•“Joubin, r , ,4nfl de chim el fihvs (6), 16, 78 144 (1889) 

»« Richardson, S S. Phtl Mag (6), 31. 232-256 (19U.) 

•“Meyer, U, Ann. i Phynk (4), 30, 607-630 (1909) 

“'Bruhat, G, and Cuinier, A, 7onr de Phys (7), 4, 69I-7I4 (1933) 

“’Pierce, I T , and Roberta, R. W, PM Mag. (7). 21, 164-176 (1936). 
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Table 187. — The Verdet Constant of Water 

(See Figs. 7 and 8) 

For the D-lines (A = 0.5893 fi) the generally accepted value of V for 
water at 20 °C is ^20 = O' 01 309 per cm gauss = 3 808 microradians/ 
cni-gauss, which essentially agrees with that (0.01308) given by A. Cotton 
and R. Lucas.®^* 

Vn is the norm computed by means of the arbitrary formula (4,5) con- 
structed so as to represent closely the observations of Mi and of I (see 
text), the required values of A being those here given Except the Ri 
values, computed by means of the equation as given by Richardson, each 
set of values has been so adjusted by a flat percentile correction, as to give 
V = 0'.01309 for the D-Iines. 

Examples : For 20 °C and A = 0 2428 ji, Ri’s equation gives 10*V = 
1 159.8 -t- 5 6 = 1 165 4 ; for 20 “C and A = 0 2482 n, the value found by Mi 
was 1084, by Ro 1086, and by BG 1079, none of these giving the fifth digit. 

Unit of X ^ 1 * 10*^ cm; of V and A “ 1' per cm gauss Temp “ f "C 

I. Best values for the D-lines (A = 0 5893). 


II 

X 

0 2428 
82 
96 
0.2536 
37 

40 
76 

0 2652 
55 
0.2700 
50 
53 
0 2804 
05 
94 
0 2925 
68 
0 3023 
34 
0 3100 
26 

30 

31 

32 
0 3303 

41 

42 


1 


Vi 

10* V» 

20 

0 01309 

130 9 

18 

0 01309 

130 9 

20 

0 01309 

130 9 1 

17 

0 01306 

130 7 1 

The better values throughout the spectrum 

References* 


Ml 

Ri* Ro 

KHA 

lOV. 


I0*(V- 

+ 22 8 

1159 8 


+5 6 

15 2 

1079 6 

+ 4 

+ 6 

13 6 

1060 2 



10 0 

1008.5 

0 


98 

1007 2 


+ 10 

i 96 

1003 8 



1 7.2 

961 9 

-4 


3 1 

881.3 



29 

878 3 

+ 2 

+ 12 

' +08 

835 8 

0 


-1.1 

792 4 



-1 1 

790 0 

0 


-25 

749 5 

0 


-26 

748.7 


+ 7 

-40 

686.7 

0 


-43 

667.0 

-1 


-4 6 

641 3 

0 


-4.7 

610.9 

0 


-4.8 

605 0 


+ 1.6 

-48 

571 7 



-48 

559.7 

-1 


-48 

558 0 



-4 8 

557 5 


+ 8 

-48 

557.1 

-1 


-49 

486 1 


+ 1.2 

-49 

472 4 


+ 5 

-4.9 

472 0 

0 


ton, A , and Lucas, R , 

Int Cnt 

Tables, t, 425 (1929) 


References* 

Rodger and Watson (1895) 
Agerer (1905) 

Richardson (1916) 

Stephens and Evans (1927) 

Temp = 20 “C. 

G L vS 


-12 


+ 1 

+ 1.8 


+ 3 4 


-12 


-10 


+ 29 
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Table 187 — (Conlinued) 


X 

Refereuce«'*-» 

1(HA IW* 

Ml 

Ri‘ 

Ro 

io*(v 

BG 

— 

L 

vb 

0.3580 

- 4.4 

398.5 






-5 1 

0 J 609 

- 4.4 

390.7 





-5 


XI 

-44 

390.1 


+ 1 2 





12 

- 4.4 

389.9 


+ 1 3 





52 

- 4.2 

379.8 

-1 






55 

-42 

379 1 




+ 24 



63 

- 4.2 

377.0 

-1 






65 

- 4.1 

376.6 



+5 




0 3729 

- 3.9 

361 6 






-40 

0.3886 

-34 

328 0 





-3 


0 3907 

-3 4 

323 8 

-2 






62 

-3 2 

313 5 


+ 10 





0 4046 

-30 

297.2 





-2 


47 

-3 0 

298.4 

0 


+3 




54 

-30 

297 3 




+ 1 6 



78 

-29 

293 2 

-1 






0 4199 

- 2.6 

274.3 





-4 


0 4307 

-23 

258 9 






-2 2 

08 

-23 

258 8 





-4 


40 

-22 

254.5 


+0 7 





41 

-22 

254 4 


+0 7 





58 

- 2.2 

252 1 



0 

+ 1 3 



59 ‘ 

-2 1 

252 1 

-1 






0.4400 

- 2.0 

246 9 

0 






05 

-20 

246 3 





-3 


0 4505 

-1 8 

234 1 

+ 0.8 






29 

-18 

232 4 





-3 


0 4605 

-16 

223 0 

+05 






78 

-1 4 

215 4 


+0 5 





0 4705 

-1 3 

212 7 

+0 6 






0 4805 

-1 1 

203.2 

+0 7 






61 

-10 

198 2 






- 3.2 

0 4905 

-09 

194 2 

00 






16 

-09 

193.3 

0 


+ 0 1 




21 « 

-09 

192.8 





-4 


58 

-08 

189.8 


+0 2 





0.5005 

-08 

185.8 

0.0 






0 5105 

-06 

178 1 

00 






0.5210 

- 0.5 

170 4 

-01 






70 

-04 

166 2 






-’5 

0 5310 

- 0.4 

163 6 

+0 1 






0 5410 

-03 

157 1 

-0 2 






61 '.“ 

-0 3 

154.0 

+ 1 

+0 1 

-0 6 




0.5515 

-02 

150 8 

+0 2 






0.5615 

-02 

145 0 

+0 I 







0.5715 

-01 

139 7 

-03 



1 “ 

1 '“ 


80 « 

-0 1 

136.4 



-09 — 




0.5815 

0 

134 7 

-03 






0 . 5893 “ 

0 

130 9 


0.1 

00 

00 


00 

0 5920 

0 

129 6 

+ 0.2 






0.6000 

0 

125.9 





0 


20 

0 

125.1 

+ 0.3 






0.6104 

+ 0.1 

121.5 



+03 




20 

0 1 

120.8 

+ 0.1 






0.6220 

0.1 

116.7 

+ 0.4 






0.6320 

0.1 

112.8 

+ 0.5 
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Table 187 — (Continued) 



Referenoea*-» 


Ml 

Ri> 

Ro BG 

L 


10«A 

IC*!'. 








llTl V ^ V ml 


0.6420 

0.2 

109.2 

4-0.3 




0 6530 

02 

105.4 

4-04 




63 

0.2 

104.3 





0.6708 

0 22 

996 



4-0.2 


0.7000 

0.26 

91.2 



-02 


65 

0.26 

89.4 


00 



08000 

4-0.3 

69.0 



-1.7 

4-1 

80 

03 

67.7 


00 



71 

0.4 

58 0 


00 



0900 

04 

54.3 



-3.4 


1 000 

04 

43.8 



-3 0 

0 

28 

0.4 

41.4 


00 



1.100 

0.4 

33.6 



-04 


1.200 

0.3 

30 2 



-14 


50 

0.3 

27.8 




4-1 

56 

0.3 

27.6 


00 



1 300 

0.2 

25.6 



4-0.7 



* References : 
A 
BG 


Agerer, F, Sum Akad IVut Wtcn (AH I la), 114, 803-830 (1905). 

Bruhat, G , Jour, do Pkys (7), 5, 152 (1934) «- Bruhat, G , and Guinicr, A , Idem, 
4, 691-h4 (1933) -» rtud . 197, 1028-1030 (1933) 

Tngersoll, L. R, Phys. Rtv , 23, 489-497 (1906) 

IngerioU, L R , J Opt Soc Amer , (, 663-681 (1922) 

I.andau. St, Phyttk Z, 9, 417-411 (1908) 

Mieaeher, E. Netv Phys. Acta, 3, 93-133 (1930), 4, 398-408 (1931) 

RichanUon, S 8“' 

Roberta, R W„ Phtl Mag (7), 9, 361-390 (1930). 

Rodger, J W, and Wataon, W*® 

Stephens, D T , and Evans. E J , Phil Mag (7), 3, 546-565 (1927) 
von Schaik, W C L, Arch Nierl det Set Exact el Nat, 17, 372-390 (1882), 21, 
406-431 (1887). 

•These values are those defined by Richardson’s equation; his observed values 
are as follows 


I 

I' 

L 

Ml 

Ri 

Ro 

RW 

SE 

V S 


X 0 3034 0 3033 0 3611 0 3962 0 4341 0.4678 0.4958 0.5893 

10‘(Kx-Vfl) 4-0 7 -H27 -hi 4 4-1 3 4-1 0 4-0.4 4-0 3 0.0 

•R de Mallemann, P Gabiano, and F. Suhner*“* have reported the following 
values, reduced from 11 5 'C to 20 °C by the compiler 


X 0 436 0 492 0 546 0 578 it 

10*F 254.1 194.8 154 2 136 4 

•F. G Slack, R L Reeves, and J A. Peoples, Jr “ have reported the following 
high values for 20 “C 10*F = 156 for X = 0 5461, and 131 9 for X = 0 5893 P 


nV = 0 005606AV(X* - 0 013253) * (3) 


(n = index of refraction; A = wave-length, unit = 1 /i; the first constant in 
each equation has been so chosen as to make Vd = 0' .01309 per cm gauss ) 
Consequently, a simpler expression (4) has been adopted as a norm 
with which to compare both the observations and the proposed equations 


or 


V = ^ Y 

• 1000a*U*- 0012097/ 


(4) 


*”> de Mallemann, R, Gabiano P, and Subner, F., Compt, rend, 202, 837-838 (1936) — 
Gabiano, P., Jour, de Phye (7), 7, 84S (1936) 
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(F„- A)-"® = 15.367a- 


0. 18589 

A 


( 5 ) 


The values of A (see Table 187), varying slowly and continuously with A. 
have been so chosen as to make F* approximately represent the observa- 
tions of Miescher (Mi of Table 187) and of Ingersoll (I and I' of Table 
187). From the value of (Fn — A)*®* that of Fn — A can be directly 
obtained by the use of Barlow’s Tables of Squares, etc., either by entering 



j = ( — yn)/Vn, where Vn i« the value defined by the arbitrarily chosen norm, formula (4) ; 
X = wave-length Unit of d = 001, of X = li» = 0 0001 cm 

Each set of data, except Richardson’s curve (Ri), has been multiplied by such a constant u to 
make 0 = 0 for the D-lmes (X = 0 5893 n), but in that region the Me-curve has accidentmly been 
drawn a little too high, not enough to be of real sigmficanLC In the upper sectiim of the finre 
(X < 0 8 n), the Ri and Me curves represent, respectively, the formulas given by Ri and by Me, 
the values given by Si are said to have been read by him from a smoothing curve, and d^ne the 
curve here given , all the BG-values lie within 0 1 per cent of the curve so marked The suc- 
cessive individual determinations by Ro. also those by Mi, are connected by straight lines, and those 
by I are indicated by squares In the lower section, the Me-curve is continued, the computra 
Ri-values are indicated by crosses, de I-values by squares, and the Si-value by an inverted triangle 
One of the I-values near X = 0 8 belongs far below the boundary of the figure, at —2 3 per cent, 
as indicated. 

References 

BG Bruhat, G, Jour de Phyt (T), % 152 (1934) *- Bruhat and Gumer, Idem, 4, 691- 
714 (1933) 

I Ingersoll, L R, Phys Rev., 23, 489-497 (1906); J Opt Soe Amer , 6, 663-681 
(1922) 

Me Meyer, U., Ann d Phyitk (4), 38, 607-630 (1909) 

Ml Miescher, E.. Helv Phyt Aeta, 3, 93-133 (1930), 4, 398-408 (1931) 

Ri Richardson, S. S , PM. Mag (6), 31, 232-256 (1916). 

Ro Roberts, R. W.. Idem (7), 9, 361-390 (1930). 

Si Siertsema, L. H., Arch PTierl. dee Set. (Z), (, 825-833 (1901). 
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the colunui of \/n and taking the corresponding number in the column of 
1/n, or ty entering the column of l/» and taking the corresponding num- 
ber in the column of r?. 

The various deviations from are shown in Figs. 7 and 8, and those 
of the better series of observations are given in Table 187 in such a way 
that the individual observations in those series may be recovered if desired 
It will be noticed from the graphs that Joubin’s equation, though com- 
monly included in compilations of data, is entirely unsatisfactory ; whether 
the same is true of Meyer’s is not clear, as that does approximately repre- 
sent Roberts’ observations. 



Figure 8 Deviations of Other Observed and Computed Values of the Verdet 
Constant of Water from those Defined by Formula (4). 


4 = d' — Vf^lVn, where I'll is the value defined by the arbitrarily chosen norm, formula (4) , 
X “= wave-IenRth Unit of 4=001, of \ = I ji — 0 0001 cm 

This differs from Fir 7 lioth in scale and in data The computed J^curve is obviously unsatis- 
factory Its constant was so chosen as to make the curve pass throuRh the star (6 = 0 for the 
D-lines) 


References 
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SE 
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Joubin, P, Ann chtm fhyj (6), Ifii 78-144 (1889) 

(circles) St Landau, PXynX Z, 9 , 417-431 (1908) 

(inverted tnanRles) Schwers, F, Bull Aead Roy it Bela. 1912, 719-752 (1912). 
(dots) Stephens, D. J . and Evanj E T PkU Mag (7), 3, 546-565 (1927) 
(crosses) van Scbaik, W. C. L., Arch Nierl. iet Set . 17, 372-390 (1882) : 21. 


431 (1887). 
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55. Magnetic Birefringence of Water 

In a magnetic field, water is negatively birefringent, its index of refrac- 
tion (np) for light in which the electric vector is parallel to the field is less 
than that («») for light in which that vector is transverse to the field. If 
A = wave-length of the light in a vacuum, and H is the strength of the 
magnetic field, then the coefficient (Cm) of magnetic birefringence (some- 
times called the Cotton-Mouton constant) is defined by the equation Cm = 
(«p — nt)/\fP. 

For water. Cm is very small, of the order of one-thousandth of the value 
for nitrobenzene. M. A. Haque found 10^*Cm =—03# cm*^ gauss"®, 
and S. W. Chinchalkar*®® and H. A. Boorse®®^ each found — O.Sj. An 
earlier, less accurate, measurement by M. Ramanadham ®®® gave —1.1, 
nearly 3 times the values found by the others. A. Cotton and T. Belling ®®® 
have reported —0.14, about i of the value found by Haque. 

lie. ICE 

56. Foreword 

Of the several treatises dealing with ice, the one tliat seems to be by 
far the most comprehensive that has come to the compiler’s attention is 
that by A B. Dobrowlski* "Historja Naturalna Ixidu” ("The Natural 
History of Ice”). The manuscript was completed m 1916, but the volume 
was not published until 1923 It is printed in Polish (a language not read 
by the compiler) and contains 940 pages, including a French translation 
of the introduction and table of contents, and an author index of over 1000 
names. Its purpose and scope are thus defined: "UHistoire Naturelle de 
la Glace est un essai de synthese des recherches faites, dans la nature et 
dans le laboratoire, sur la glace de tout aspect et de toute origine C’est 
une sorte d’lndex de tous les problemes relatifs a ce corps si important, 
et si peu connu encore, avec un expose de I’histoire de chacun de ces 
problemes, des resultats acquis, des questions litigieuses et des lacunes.” 

57. Types of Ice 

For crystallographic forms of ice, see Section 59 , for x-ray studies 
of ice, see Sections 60 and 74. 

Besides ordinary ice, more particularly designated as ice-I, and vitreous 
ice obtainable at low temperatures, six other distinct varieties of ice, each 
having a definite region of stability, are known * ; two forms of ice-I have 
been reported®; and ice that is denser than water, though formed at a 

"•Haque, M A, Compt rend, 190, 789-790 (1930) 

“» Chinchalkar, S W, /niton J Phvs , 6, 165-179 (1931) 

•asoorse, H A. Phys Rev (2), 46, 187-195 (1914) 

•a ]liiinan.i(IIinni, M , Indian J Phys, 4 , 15-38 (1939) 

•"Cotton, A, and Selling, T, Compt rend, 198, 1889-1893 (1934) 

1 Bridgman, P, W, Pree Amer. Aead. Arte Sei. tl, 439-558 (1912), J. Chem’l Phys. 3, 597- 
605 (1935), 5, 964-966 (1937). 

•Seljakov, N J, Compt rend Aead Set. VRSS, 10, 293-294 (1936), 14, 181-186 (1937) 
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pressure of less than 1 atm, has been reported twice,® but in neither case 
could its formation be repeated. Shaw states that it is denser than water ; 
and Cox says it “sank slowly to the bottom and remained there with, 
perhaps, one third of an inch of clear water above it.” (A few rather 
casual observations by the compiler have suggested that these conclusions 
may rest upon an illusion. The capillary pull of the gas-liquid surface 
between the walls of the bulb and the ice will depress the ice, and if the 
surface of the ice is concave, the concavity may become filled with water, 
producing a striking impression that the ice is fully submerged. The 
requirements being rather exacting, their accidental fulfillment will not be 
frequent.) Evidence for the existence of several unstable types of ice was 
presented by G. Tammann, but not generally accepted; and nothing has 
been heard of those unstable types for many years.* In particular, his 
claims for the one he called ice-IV led to a discussion with Bridgman,* 
and resulted in Bridgman’s leaving that designation open when he pub- 
lished his 1912 paper ; but now he has adopted it as the designation of an 
ice recently discovered.® Bridgman's ice-IV should not be confused with 
Tammann’s supposed ice of the same designation 

Ignoring for the present the vitreous and unstable types, and the dense 
ice reported from Canada, no type except the familiar variety, specifically 
denoted as ice-I, can exist under pressures much less than 2000 atm unless 
the temperature is very low, but at low temperatures the transformation of 
both ice-II and ice-III to ice-I proceeds so slowly, even at atmospheric 
pressure, that Tammann ® has succeeded in removing them from the pres- 
sure chamber and examining them. He found ice-III to be a colorless, 
pellucid aggregate of coarse crystallites, which slowly swelled and broke up 
into a coarse white powder. In contact with warm objects it acquired a 
porcelain-like appearance.'^ 

It has been said that vitreous ice is formed when small drops of water 
are quickly chilled to a low temperature, say to — 12 "C or lower.® Beilby 
stated that this “ice” is perfectly transparent, shows under a microscope no 
evidence of crystalline stnicture, but at once crystallizes throughout when 
mechanically strained by a light pressure with a polished steel burnisher. 
Hawkes ® regarded it as merely supercooled water, but that conflicts with 
the observations of H. C Sorby,® L Dufour,^® and others, who have 
observed that water remains fluid even at temperatures ranging from 
— 12“C to — 20'’C. Sorby is especially definite in his statement of its 
fluidity. Using volumes of several cubic centimeters, the compiler has 
noticed that water at —20 °C appears to the eye to be as fluid as it is at 


(1I24) 
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• Cox. 

187-189 
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room temperature. Although a vitreous solid may be an undcrcooled 
liquid of great viscosity, there seems to be no valid reason for assuming, 
as is frequently done, that every vitreous solid is of that nature; unless, 
of course, the term liquid is so defined as to cover everything that is neither 
gaseous nor crystalline. F. Simon*^ has presented reasons and experi- 
mental data in support of the idea that there are in reality two types of 
vitreous "solid.” One is a true glass and the other is a supercooled liquid, 
the latter being in internal thermodynamic equilibrium, and the former not. 
Nevertheless, in view of the work now to be mentioned, it seems probable 
that Beilby’s observations are in some way erroneous. The work should 
be repeat^. 

Using larger volumes of pure water, the late E. W. Washburn of the 
National Bureau of Standards failed to obtain vitreous ice even when the 
water was quickly chilled with liquid air, but when the viscosity was 
increased by the addition of a little sugar (about 1 per cent) vitreous ice 
was obtained^®. And E. F. Burton and W. F. Oliver reported that when 
water- vapor condenses on copper at — 110°C, or lower, the resulting ice 
is vitreous, and as the temperature is then raised, say to —50 °C, the ice 
gradually crystallizes. This same phenomenon — ^vapor being condensed to 
an amorphous solid on a cold surface, and that solid becoming crystalline 
when the temperature is increased— had been previously reported by L. R, 
Ingersoll and S. S. DeVinney “ for the case of nickel sputtered in hydrogen. 
The ice formed by condensation at -80 °C has the normal crystalline 
arrangement; as the temperature of formation is lowered, the crystal struc- 
ture becomes less regular. 

Of the known varieties of crystalline ice, all except the familiar one 
(ice-I) are denser than water under the same conditions of temperature 
and pressure. One consequence of this is that the pressure that is exerted 
by the freezing of water in a confined space can under no circumstance 
greatly exceed 2000 kgVcm® (say 30,000 IbVsq. m.), because the bulky 
ice-I cannot exist under such pressures. See phase diagram, Section 93, 
or H. T. Barnes.^® 

In what follows, we shall confine our attention, unless the contrary is 
clearly indicated, to the familiar variety of ice (ice-I), that which melts at 
0 *C when under a pressure of 1 atm. 


’ Cf Dewar, J., Chem New, 91, 216-219 (190S) 

* Beilby, G, ‘‘Aggregation and Row of Solida/‘ p. 19S+, London, 1921; Hawkes, L., Nature, 
123, 244 (1929). 

•Sorby. H C, Phtl Mag (4), U, lOS-108 (1859) 

>*Dufour, L, Arm. d Phynk (Pogg ), 114, 530-554 (1861) 

“Simon, F., Z auorg allgem. Chem, 203, 219-227 (1932), Trout. Faraday Soe . 33, 65-73 
(1937). 

“ Waabbum, E W , Oral communication, 1933 Work not published. 

» Burton, E. F., and Oliver, W. F, Pree Roy. Soe. (London) (A), 1S3, 166-172 (1935), 
-oNaturo, 135, 505-506 (L) (1935) 

“ Ingersoll, L. S , and DeVinney, S. S., Phyt Rev (2), 26, 86-91 (1925). 

“ Barnes, H. T , “Ice Engineering,’’ p. 91, Montreal, Renouf Publishing Co., 1928. 
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58, Appearance of Ice-I 

Ordinary ice, Ice-I, is crystalline, and has a conclioidal fracture and a 
vitreous luster. In large masses, it is vividly blue, owing to the scattering 
of light by its large molecules.*®- r** *• *• It has long been held that water 
contains ice in solution, the amount increasing as the temperature decreases 
(see p, 164). This causes the color of water to change as the temperature 
falls. Barnes says; “It is a remarkable sight in winter to watch the vary- 
ing shades of the river water as the temperature changes. Just at the 
freezing point the color changes rapidly and old river men can tell the 
approach of the ice forming period by the color.” **• ^ 


59 Forms and Formation of Ice 


All interested in this subject should read the very interesting and beauti- 
fully illustrated publications by W A Bentley *® and by W. A. Bentley and 
VV. J. Humphreys ** They are much broader than the titles indicate, most 
of the topics considered in this section being discussed. 

The information contained in this section is almost entirely descriptive, 
and has been arranged under the following heads 


Crystallographic structure 
Structure of ice 
Internal melting 
Flowers of ice 

Formation of frazil, or needle, ice 

Formation of an ice-sheet 

Growth and orientation of crystals 

Recrystallization 

Regelation 

Purity 


Production of homogeneous ice 
Monocrystals 

Freezing of supercooled water 

Icicles 

Hail 

Snow and frost 

Glaciers 

Sea-ice 

Icebergs (see Glaciers, Sea-ice) 


Crystallographic Structure. 

(For ratio of axes and for fine-structure, as revealed hy x-rays, see 
Section 60 ) 

X-ray examination indicates that ice-II is characterized by a side- 
centered orthorhombic cell containing 8 molecules,*® and ice-III by a body- 
centered orthorhombic cell containing 16 molecules and having a'b:c = 
1 73; 1 •1.22*® Nothing is known of the crystallographic structure of any 
of the other ices except ice-I, to which we now turn. 

The published data relative to the crystallographic structure of ice-I 
are confused by changing nomenclature, and are otherwise conflicting. The 

MBenUey, W A, Monthly ffTeother Rev, », 212-214 (1901) j 35, 348-352, 397-403, 439-444, 
512-S16, 584-585 (1907) 

>T Bentley, W A . and Humphreys, W, J , "Snow Crystals," New York, McOraw-HiII Book 
Co., 1931. 

« McFariati, R. L., I. Chem‘1 Pkyt , 4, 60-64 (1936) -► Phyt. Rev (2). 49, 199 (A) (1936). 

WMcFarlan, R t.. Idem. 4, 253-259 (1936) -* /dm, 49, 644 (A) (1936) 
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subject is further complicated by recent observations indicating that ice-I 
can exist in either of two forms; a-ice, which is hexagonal and appears 
when water near 0 °C freezes, and p-ict, which is rhombohedral and appears 
when water that is supercooled by at least a few degrees freezes.*® 

From a consideration of all observations prior to 1906, P. H. Groth ** 
thought it probable that ice-I belongs in the ditrigonal-pyramidal class of 
the trigonal system; A. E. H Tutton** thought that more recent work, 
such as that of F. Rinne,*® shows that it belongs in the hexagonal bipyram- 
idal class of the hexagonal system. The subject has been reviewed still 
more recently by A B. Dobrowolskt,*^ who has concluded from his study 
of thousands of ice crystals that the S 5 rmmetry of ice is that of the ditrigonal- 
pyramidal class of the trigonal system. 

W. Altberg and W. Troschin** have described some unusual forms of 
ice found in the ice cave near Kungur in the Ural mountains ; and G. Tam- 
mann and K. L. Dreyer ** have given a popular account of the freezing of 
water and of some of the peculiarities of artificial ice 

E S. Dana states that ice crystallizes in the hexagonal system. This 
is accepted by H. T. Barnes,*® who states that the crystals are probably 
hemimorphic, that the crystal faces are rarely distinct, and that the crystals 
are hard to measure. 

L J. Spencer *® assigned ice to the holosymmetric class of the rhombo- 
hedral division of the hexagonal system. This probably harmonizes the 
observations of the early observers, who variously reported that the crystals 
were hexagonal and rhombohedral , in some cases, the latter term seems to 
have been used as an equivalent of the former. That the primary form 
was the rhombohedron in the cases reported by H. Abich,*® by Sir David 
Brewster,®^ and by E D Oarke ** seems beyond question ; but the assertion 
of F. Leydolt ®® that in his extended study of ice from various sources, he 
had found only rhombohedric forms, possibly mean.s no more than that they 
belonged to the hexagonal system, without distinction between the rhombo- 
hedral and the hexagonal classes of that system. Likewise the many 

Seljakov, N J, Cotnpt rend Acad Set VRSS, 10^ 291-294 (1936), ll* 227 (1936), 14| 181- 
186 (1937) 

Groth, P H, “Chenusche Krystallographic,” Vo1 1* p 66 (1906) 

"Ttttton, A Er ir, “Crystalloyraphy and Practical Crystal Measurement.” Vol 1, P ?43 
(1922) 

**Rinne, F, Bcr Sdchs <7cj ff'wr (Math Phys ), 69, 57-62 (1917) 

Dobrowolski, A B, Bull Soe Fr MtnertB , 56, 335-346 (1933) 

* Altberff, W, and Troschin, W» Naturwissenjchaften, 19, 162-164 (1931) 

">Tammann, G, and Dreyer, K. L, Idem, 22i 613-614 (1934) 

”Dana, E S , ‘*A Textbook of Mineralogy,” 3rd ed , p 411, revised by W. E Vord, Ntw 
Vork, John Wiley & Sons, 1922 

Barnes, H T, *Tce Formation,” p 74, New York, John Wiley & Sons, 1906, *‘Icc Engineer- 
ing,” p 18. 

Spencer, 1. J, Pncyclopedia Britanmca,” llth ed , vol 7, p 581, 1910, 14th ed . vol 6, 
p 819 (1929) 

» Abich, H, Ann d Ph\sik (Poga ), 146, 475-482 (1872) 

*1- Brewster, Sir T),ivid, Phd Mag (3), 4, 245-246 (1834) 

“aarke, E D, Trans Cambr, Pktl Sac, 1, 209-215 (1822) 

“Leydolt, F, Stts Ahad. Wtss Wten (Mtah-nat), 7, 477-487 (1851) 
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reports of hexagonal forms, such as those by W. A. Bentley,“ T. H. Hol- 
land,** P. A. Secchi,*® J. Smithson,*® and J. Tyndall,®’ are probably to be 
interpreted as indicating that the crystals belonged to the hexagonal sys- 
tem, without indicating to which of the two divisions of that system they 
should be assigned. 

Although Leydolt found ice crystals of only a single system and doubted 
the existence of other types, there are reports indicating that ice-I may, 
under conditions not yet ‘defined, crystallize in the cubic system. For 
example. A, E. Nordenskjold ** has observed in the frost coating a window- 
pane, the outer air being at —8 to —12 °C, small rectangular forms which 
he decided could not possibly belong to the hexagonal system, but probably 
belonged to the rhombic, or possibly to the cubic. Similar forms have been 
observed by H. P. Barendrecht *® to separate at low temperatures from 
solutions of water in acetaldehyde and in certain alcohols, including ethyl 
alcohol. By polariscopic observations, he found that these forms belonged 
to the cubic system. It was not practical to separate them from the viscous 
mother-liquor, but from the fact that the same type of crystal was obtained 
from all these solutions, he concluded that the crystals were ice and not a 
hydrate. Similar observations have been reported by F. Wallerant*® who 
interprets them as indicating that the cubic crystals pertain to a type of 
ice that is stable only under high pressure He remarked that in an alco- 
holic solution the cubic crystals are stable as long as the water content does 
not exceed 55% by weight , but if it does exceed that value, the cubic crystals, 
initially formed by supercooling the solution, transform into rhombohedric 
crystals of ordinary ice enclosing numerous (une infinite) small isotropic 
crystals. P. Tschirwinsky *’ has questioned the validity of the conclusions 
of Barendrecht and of Wallerant; he believed that the cubic crystals they 
obtained were those of the hydrates, such as C 2 H 6 (OH) -h 3 H 2 O of which 
the existence, he said, had been shown by Mendelejeff in 1865. It contains 
54.1 per cent of water, which essentially coincides with the 55 per cent 
limit found by Wallerant for the stability of the crystals. R. Hartmann ** 
also has reported a rectangular type of crystal skeleton obtained from aque- 
ous solutions ; but from the observation that the “freezing point” of super- 
cooled water inoculated with such skeletons is the same as when it is 
inoculated with a crystal of the ordinary hexagonal type, he concluded that 
the skeletons actually belong to the hexagonal system. 

» Holland. T. H , JVafurr, 39, 295 (1889) 

Secchi, P A , Bull meteor Oseerv Coll Romario, 15, 73-74 (187C) 

*> Smithson, J , Ann PMoe (N S ). 5, 340 (1823) 

Tyndall, J , “The Forms of Water in Clouds and Rivers, Ice and Glaciers,” New York, 
D, Appleton & Co , 1872. 

Nordenskj&ld, A E., Am d, Physik (Pogg), 114, 512-627 (1861). 

•• Barendrecht, H, P , Z. phystk Ckem , 39, 234-241 (1896) . Z. morg, Ckem , 11, 454-455 
(1896) 

"Wallerant, F, Bull. Soc Franc, Mtniral , 31, 217-218 (1908). 

"Tschirwinsky, F, Ann Gaol, et Um. Rtune (Frtnck ritnml), 14, 280-282 (1912)-*!^ 
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The subject has been reviewed by O. Mugge " and briefly summarized 
by W. H. Barnes who states that a very complete review, containing 
more than 100 citations, may be found in A. B. Dobrowolski’s “Historja 
Naturalna Lodu.” 

J. M. Adams has stated that the ice-crystal is asymmetric with respect 
to its basal (0001 ) plane, crystals twinned on that plane being separable into 
two kinds : (a) Those that may develop pits at the ends of the c-axis, and 
(b) those that may develop a cavity at the middle of that axis. And J. Smith- 
son has stated that when hail is sufficiently regular for satisfactory 
measurement, it always consists of two hexagonal pyramids joined base to 
base. "One of the pyramids is truncated" and “The two pyranuds appeared 
to form by their junction an angle of about 80 degrees." 

From his study of the way ice yields to stresses of various kinds, J. C. 
McConnel *“ found that “a crystal behaves as if it were built up of an 
infinite number of indefinitely thin sheets of paper fastened together with 
some viscous substance which allows them to slide over each other with 
considerable difficulty; the sheets are perfectly inextensible and perfectly 
flexible. Initially they are plane and perpendicular to the optic axis ; and 
when by the sliding motion they become bent, the optic axis at any point 
is still normal to the sheet at that point.” It will be noticed that these 
sheets are parallel to the planes of Tyndall’s flowers of ice (p. 405), and 
to those m which he observed melting to occur when ice is subjected to 
linear compression along the optic axis (p. 431) Quincke stated that “the 
planes of easiest cleavage in natural ice crystals (laminated structure, dis- 
placement without bending) are due to invisible layers of liquid salt solu- 
tion which are embedded in the ciystals, normal to the optic axis, or often 
in other positions.” Whether the sheets of McConnel’s are to be identified 
with certain of these layers of Quincke’s is not clear. 

Structure of Ice in Bulk. 

However uniform the ice may be, melting begins at the boundaries 
between the individual ice crystals, and as it proceeds, the crystals become 
more and more separated one from another, and the ice becomes “rotten.” 
There is between the crystals a material with a lower melting point than the 
crystals themselves, and this material, when molten, dissolves the surface 
of the ice-crystals in contact with it, even when its temperature is below 
the normal melting point of the crystal. This material surrounds each 
crystal, enclosing it in a cell. These correspond to the foam-cells that are 
postulated in the theory of solidification that was developed by G. Quincke 
in a series of papers published some 30 years ago, and that was applied by 
him to explain the formation of ice and of glacier grains.®"^ 

“ Mugge, O , Centratbl Mtn , Geol , Palaon , UM, 117-141 (1918). 

Barnei, W H , Free Roy Soc (London) (A), 125, 670-693 (1929). 

« Adams, J M, Proe, Roy Soc (London) (A), 128, 588-591 (1930) -* Fkys Rev. (2), 36, 
788 (A) (1930) 

« McConnel. J C, Proe Roy. Soc (London). 48, 259-260 (1890); 49, 323-343 (1891). 

oQmnclce, G, Paragraph 35 in Nature, 72, 543-545 (1905); Proe. Roy. Soe. (London) (A), If, 
431-439 (1905). 



402 


PROPERTIES OF ORDINARY WATER-SUBSTANCE 


A brief outline of Quincke’s hypothesis is given 1^ H. T. Barnes.^* 
On this hypothesis, the liquid contains at least two species of molecules, 
one vastly in excess of the other. The species present in smaller amount he 
regards as salt, but that is not at all necessary. Under the action of the 
intermolecular forces, there will, in general, be a segregation of each species ; 
and those present in small amounts may form a net-work throughout the 
liquid, enclosing the more abundant species of molecules in numerous 
adjacent cells, resembling cells of foam In the case of water, the contents 
of the cells (the purer water) freezes first ; then the cell-walls freeze. Each 
individual crystal, each glacier gram, corresponds to a single cell. As the 
temperatuie rises, the cell-walls melt first The resulting liquid (an aque- 
ous solution) bathes the surfaces of the enclosed crystals, lowering their 
melting point, and so causes those surfaces to melt at a temperature below 
the normal melting point of the crystal itself Thus, the crystals become 
separated more and more from one another 

Quincke has advanced the very extreme suggestion that “ice is a liquid 
jelly, with foam-walls of concentrated oily salt solution, which enclose foam- 
cells containing viscous, doubly refracting, pure or nearly pure water. The 
further the temperature falls below 0°, the greater is the viscosity of both 
liquids — in the walls and in the interior of the foam-cells — and the less the 
plasticity of the ice Ice crystals at temperatures below 0® consist of a 
doubly refracting viscous liquid, and are intermediate between the soft 
crystals of serum albumen and ordinary crystals of quartz, felspar, etc 
Whether these cell walls (Quincke) generally exist in water before 
freezing begins may be open to question. But as soon as freezing begins 
they will certainly begin to form When each small volume of water 
crystallizes, it rejects the impurities it originally contained Each minute 
crystal is surrounded by a layer of water more impure than that from which 
it was formed. As the crystal grows, this layer is continuously pushed 
out, becoming ever more impure, but always hugging the crystal, until it 
meets a similar layer surrounding a neighboring crystal Further growth 
in that direction means a thinning of the combined layer and an increase 
in its concentration Thus each crystal becomes enclosed in a material 
having a lower melting-point than itself Diffusion will, of course, tend 
to equalize at each instant the concentration of the impurities throughout 
the volume that is still liquid ; and adsorption may tend to retain at the 
crystal surface more of one type of impurity than of another. 

The actual existence of an intercrystallic material differing in properties 
from the crystals is conclusively shown by the fact that melting always 
begins at the boundaries between the crystals Furthermore, E K. Plyler 


wQuineke, C, Ann d Phvsit (*) 11, 1-80 (1905), Biimmary of eonchwioni is eiven in Ptoc 
Roy Soc London (A). 76. 631-439 (190S) and in Nature, 72, S43-S45 (190S) ® 
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observed that infrared radiation is much more strongly absorbed in the 
region between the crystals than in the crystals themselves ; in some cases 
the boundary region was found to be less than 8 (0 0008 cm) thick. Ice 

cleaves most readily between crystals, that is, along the cell walls. The 
hypothesis of such cell walls accords with certain observation reported by 
G. Beilby,®* and with the observation that “the more slowly artificial ice 
is frozen, and the less salt it contains, the more transparent it is, and rigid, 
and the more difficult to split with a knife.” ^ ™ 

The purer the water, the smaller is the amount of intercrystallic inateriaf, 
but that one is ever justified in considering that material as negligible seems 
improbable, especially when one realizes that the action of this material 
in separating the crystals is a surface phenomenon, and recalls how minute 
an amount of an impurity may suffice to produce a profound change in the 
properties of a surface. 

Quincke states that by repeated fractional freezing, with a 

discarding of the unfrozen fraction, the ice becomes increasingly purer and 
composed of ever larger grains, but he has never succeeded in obtaining 
ice without grains , t.e., with no intercrystallic material 

J. N. Finlayson ®® writes : "The crystals first formed continually enlarge 
and the interstices between them become filled with smaller crystals not so 
regularly oriented. The crystals, however, do not completely unite and 
there is a definite cleavage plane formed between them.” 

J. Y. Buchanan*® has shown that the crystals of ice foimed from a 
dilute salt solution are themselves free of salt, but that some of the solution 
is retained in the interstices betw'cen tlie crystals , at the same time he called 
attention to the pronounced effect this intercrystallic material may have 
upon the physical properties of the ice, even when the amount of salt 
present is excessively minute The presence of such intercrystallic material 
should always be remembered when ice in bulk is being studied In many 
cases it profoundly affects the results obtained. 

The slow disintegration of ice when exposed to light and air near 0 °C 
has been described by E. Schmid.®^ It is frequently stated that such dis- 
integration does not occur when the ice is completely submerged, but 
M. Faraday®® observed that ice that was completely submerged in water 
contained in a vessel surrounded by an ice-jacket, and thus kept so near 
0 °C that a cubic inch of ice was not dissolved in a week, became after 
several days “so dissected at the surfaces as to develop the mechanical 
composition of the masses, and to show that they were composed of parallel 
layers about a tenth of an inch thick, of greater and lesser fusibility, which 
layers appear, from other modes of examination, to have been horizontal in 


Beilby, G , '*Affsreffation and flow of solids,” pp 140-143, 1921 
*■ Finlayson, J N , Canadian Engineer, S3, 101-103 (1927) 

» Buchanan. J Y. Proc Roy Soe Edinburgh, 14, 129-149 (1887) Nature, 35, 608-611 (1887), 
36, 9-12 (1887); Proc Roy Inst, Grt Bnt , 19, 243-276 (1908) 
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the ice whilst in the act of formation.” However, L. Hawkes has stated 
that F. J, Hugi observed tliat “in cloudy weather a lump of ice melts as 
a whole, preserving a smooth outer surface, but in the sun’s rays melting 
takes place at the intergranular boundaries.” Such apparently incompatible 
observations are probably to be explained by the vast difference in the rates 
of melting. 

A. Erman*® has reported many interesting and unusual observations 
made on ice in Siberia. 

Internal Melting. 

When a block of ice that is above water is exposed to light, small cavi- 
ties partly filled with water may be seen to form throughout the body of the 
ice, provided that the temperature of the ice is not too low. The most 
noted and beautiful of these are Tyndall’s “flowers of ice,” which will be 
considered in the next section. At the same time, water will be formed in 
cavities that previously had been dry. As the melting proceeds, the crystals 
become separated one from another, and each crystd becomes split into 
laminas perpendicular to the optic axis.®* In speaking of the splitting of 
glacier grains into such laminas, Buchanan says (p 263) : “It is only the 
grains that are exposed to the sky, and above water, that are so analysed ; 
and prolonged exposure of this kind reduces a grain to the last stage of 
dilapidation. The grains beneath the surface, whether of ice or water, are 
almost completely unattacked ” (Cf. Plyler’s observations on the absorption 
of the infrared, p. 403.) 

In speaking of melting in the interior of the blocks into which the ice 
becomes broken up, E. Schmid ®* said that small bubbles form first, and 
then thread-like cavities grow out from them. Could he have been speak- 
ing of what Tyndall later called flowers of ice ? 

If a cavity contains an inclusion, such as soot, which is a good absorber 
of radiant energy, the melting is easily understood. The inclusion abstracts 
energy from the radiation, becomes heated, and melts the ice. The same 
explanation was proposed for the melting when the only inclusion is air, 
but J. Tyndall *® showed that the absorptivity of air is entirely too small for 
it to act in that way. 

Nevertheless, internal melting occurs; and “proves that the in t e rior 
portions of a mass of ice may be melted by radiant heat which has traversed 
other portions of the mass without melbng them.” 

Tyndall suggested that the localization of internal melting at air-bubbles 
depends upon the existence of the free surface surrounding the bubble, that 
it is a surface phenomenon (see below) ; G. Quincke attributed all inter- 

•• Hawkes, L, Geol Mag, 0, 111-123 (1930) 
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tial melting to the presence of small amounts of impurities, which accords 
with Buchanan’s conclusions “ ; and the Thomson brothers were of the 
opinion that internal stresses were of prime importance. All may con- 
tribute, their relative importance varying with the conditions, but in very 
many cases the stresses are surely the most important. But whatever may 
be their practical value, Tyndall’s views are interesting and suggestive. 
They should be compared with those of Faraday regarding regelation 
(p.412). 

From his carefully described observations on the gradual liquefaction 
of masses of ice by the formation and growth of drops of water within 
them, Tyndall inferred that the melting temperature differs from point to 
point, oscillating about its normal value. He wrote : “Through weakness 
of crystalline structure, or some other cause, some portions of a mass of ice 
melt at a temperature slightly under 32 ®F., while others of stronger texture 
require a temperature slightly over 32® to liquefy them. The consequence 
is, that such a mass, raised to the temperature of 32®, will have some of its 
parts liquid and some solid " These variations in the melting point are 
attributed by W. Thomson (Lord Kelvin)*^- *■ solely to variations in the 
stress. That some portions melt below 0 ®C is certain, and accords with 
the conclusions of Quincke *''• ^ and of Buchanan ; but whether any por- 
tions not subjected to such a tension as exists at the boundaries of a cavity 
completely filled with the melt derived from the ice that originally filled it 
can remain solid above 0 ®C is another question Tyndall thought they 
could, provided they have no free surface. 

This he endeavors to explain as follows • “Regarding heat as a mode of 
motion, the author [Tyndall] shows that the liberty of liquidity is attained 
by the molecules at the surface of a mass of ice before the molecules at the 
centre of the mass can attain this liberty. Within the mass each molecule 
is controlled in its motion by the surrounding molecules. But if a cavity 
exists at the interior, the molecules surrounding that cavity are in a con- 
dition similar to those at the surface , and they are liberated by an amount 
of motion which has been transmitted through the ice without prejudice to 
its solidity. The author proves, by actual experiment, that the interior 
portions of a mass of ice may be liquefied by an amount of heat which has 
been conducted through the exterior portions without melting them.’’ 

Flowers of Ice. 

J. Tyndall®® observed that when a beam of light is passed through a 
blodt of ice, its path rapidly becomes dotted with numerous points resem- 
bling shining bubbles of air. Their appearance is accompanied by a clicking 
sound. When examined with a lens, these “flowers of ice’’ are found to 
consist of a bright central spot surrounded by six coplanar petals composed 
of water. Neighboring flowei s lie in parallel planes which are independent 

“Thomnon. J, Proe Roy Soc. (London), a 4SS-458 (1857); 10, 1S2-1«0 (1859), 11, 198-204 
(1861); U, 473-481 (1861); Thomson, W. (Lord Kdvin), Idm. 9, 141-143 (1858), 9, 209- 
213 (1858). 
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of the direction of the beam of light. It has been found that the plane of 
each flower is perpendicular to the optic axis of its associated crystal, and 
that the petals are parallel to the secondary axes of the crystal. Hence, 
they serve as a simple means for determining the orientations of the several 
individual crystals. T)mdall stated that the flowers are formed in planes 
parallel to those of freezing, but that some apparent exceptions had been 
noted. He goes on to say: "In some masses of ice, apparently homogene- 
ous, the flowers were formed on the track of the beam, in planes which were 
in some cases a quarter of an inch apart.” 

E. Hagenbach-BischoflF, sometimes referred to as Hagenbach, stated 
that the flowers are sometimes circular, and that they ordinarily begin as 
circles, that the plane of a flower is perpendicular to the optic axis, and 
that its arms are parallel to the secondary axes of the crystal.®* 

G. Quincke*® has stated that "at the edge of Tyndall’s liquefaction 
figures, while they are in the process of enlarging, or on the bursting of 
the foam-walls of artificial ice as it melts, one often sees periodic vortex 
movements. These arise from a periodic capillary spreading out (Aus- 
breitung) of the salt solution of the foam- walls at the boundary between 
pure water and air or vacuum ” It seems probable that those movements 
are very closely related to those observed by Tyndall when he compressed 
ice in the direction of the optic axis (see p 431) 

The clicking that accompanies the formation of the flowers was 
explained by T 3 mdall somewhat as follows ■ As the melting progresses the 
water formed adheres to the walls and so is subjected to tension, its volume 
being normally less than that of the ice from which it is formed As soon 
as rupture occurs at any point, the tension is at once relieved, and the 
water immediately contracts, leaving a vacuous cavity This sudden con- 
traction gives rise to the click that is heard. 

J M Adams and W Lewis ®® have observed that when the water in 
such a cavity is refrozen it "never completely fills the space, but at the 
center of each pattern, there remains a group of minute cavities precisely 
bounded by natural faces ” These they call "negative crystals.” “The 
question as to the source of the space occupied by the negative crystals 
remains for the present unanswered.” These remarks refer more particu- 
larly to cavities that have growm beyond the point at which the flowers of 
ice are well formed. 

L. Hawkes ®® has suggested that the flowers of ice mark the positions 
of particles of dust included in the ice, the melting resulting from the 
radiation absorbed by the dust. 

For additional information see note.®® 

“ Ilagtnlwch-Biwhnff, E, Arch des Sc\ Phti et Nat, Ccm'T'r ft), 23, 373-390 (18901 

"’Quincke G , r.ir.iKrnph 37 jf Nalare, 72, S43-54S 0905), Proe Roy Soe (London) (A), 
76, 431-439 (1905) 

•'Hess, H, “Die Gletscher,” p 13, 1904, Barnes, H T. “Ice EVigineenng,'* p 18, 19, “Ice 
Formation,” p 77, 78, Trans Roy Soe, Canada III (3), i, 3-27 (22) (1909), Hagenbacli-Uis- 
ehoff, E** 

** Adams, J M, and Lewis, W, Rev Set Inst (N S ), S, 400-402 (1934) 
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Formation of Frazil, or Needle Ice. 

The fine needle-hke ice that is often distributed throughout the volume 
of rapidly moving water is frequently called “frazil.” It causes much 
trouble in the operation of hydraulic power plants Its formation has been 
described in some detail by H. T. Barnes m terms of his colloidal theory.®* 
He states that when the growing ice particles can be first seen microscopi- 
cally they are disk-hke, and devoid of crystal form, they flocculate and 
grow into true crystals. In rapidly moving water the crystals are broken 
up before they can become large, and are thoroughly mixed with the water, 
giving it a cloudy appearance This is the beginning of frazil. It forms 
throughout the body of the river if the water is supercooled, even if the 
supercooling does not exceed a few thousandths of a degree. It is adhesive, 
forms agglomerations, and is carried under the surface ice, forming hang- 
ing dams, which may reach down to the river bed When the temperature 
of the water is a few thousandths of a degree below 0 °C the frazil aggre- 
gates are very strong and tenacious, but when the water is at or above 0 ®C 
they become soft and spongelike. He states tliat sunlight not only warms 
the water, but has a direct action on the colloidal ice particles, destroying 
their “agglomerating properties.” It seems probable that the adhesion and 
agglomeration of the particles of frazil are related to the phenomena 
described by L. Dufour®® For additional information regarding colloidal 
and frazil ice, see the articles already cited and H. T. Barnes and P. P. 
von Weimarn and W. Ostwald 

Formation of an Ice Sheet. 

(For the freezing of water cooled much below 0 "C, see p 416 ) 

The formation of surface ice has been described in detail by H T 
Barnes,^®' pp ®®'®^ H Hess, ®®'P’^ G. Tammann and K. L Dreyer,''® 
G Seligman,^® and others. 

As the water of a pond is being cooled it is warmer than the air, con- 
sequently currents of warm air rise from the center of the surface, and cold 
air sweeps in from the sides. This chills the lateral waters, and is itself 
warmed thereby , thus the center of the surface remains warmer than the 
edge, and if the air temperature is not very low, the center may remain 
unfrozen long after the banks are bordered with ice Until the tempera- 
ture of the water has dropped to 4 °C, convection keeps it fairly uniform 
throughout the depth , with further dulling, the colder layers remain at 
the top. If surface freezing is to occur, either the temperature of the air 

n Barnes, II T , “Tee EngmeeriiiR,” p 6+, 108, 109, Scientific Monthly, 29, 289-297 (1929) 

• See Barnes, H T , “Colloid Chemistry," J Alexander, ed , vol. 1, pp 435-443, New York, 
Reinhold Publishing Corp , 1926 

* Dufour, L, Ann d Phyeik (Pogg }, 114, 530-554 (1861) 

w Barnes, H T, “Colloid Symposium Monograph,” Vol 3, 103-111, New York, Reinhold 
Publishing Corp, 1925, “Ice Formation,*' 1906 

^ von Weimarn, P, P, and Ostwald, W , Kotl Z , fi, 181-192 (1910). 

W Tammann, G, and Dreyer, K L., Natnnvuienschoften, 22, 613-614 (1934) 

"Sehgman, G, Proc. Roy Inst Grt Bnt . 29, 463-483 (1937) -* JVirtnre, 139, 1090-1094 (1937) 
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must be well below 0 °C, or the loss of heat by direct radiation must be 
great; otherwise the surface will receive heat from the lower layers more 
rapidly that it can lose it. When the temperature of the surface water has 
dropped sufficiently (Barnes says to 0 °C, but it probably drops appreciably 
below that , crystallization begins at the banks, and needles of ice shoot 
out over the surface of the water. These branch and broaden until the 
entire surface of the water along the banks is covered with a thin layer of 
ice. How far this layer extends toward the center depends upon the exist- 
ing conditions. If the entire surface is supercooled at the time the crystal- 
lization begins, the needles may extend rapidly throughout the entire sur- 
face, which will soon be completely covered with ice. Under other con- 
ditions the initial layer of ice will not reach the center of the surface, but 
will gradually grow toward it. When the surface has become iced over, 
the ice layer gradually thickens as heat passes out by conduction through 
it. H. T. Barnes has stated tliat the growth in thickness is by an 
accumulation on the underside of the sheet of layers of disks of ice, “very 
much like stacked Chinese coins.” Some have thought the initiation of 
freezing at the bank, instead of elsewhere, arises from an increased cooling 
caused by conduction of heat from the water and through the shore material, 
but in view of the low conductivity of rock, sand, and clay, it seems that 
this effect must be exceedingly small as compared with that due to the heat 
carried away convectively by the air. 

These descriptions must be supplemented by important observations 
made many years ago by F Klocke.” He observed that, if the chilling is 
severe, the lengths of the needles that shoot out over the surface as the 
water begins to freeze are parallel to tlieir optic axes ; for these needles the 
optic axis is parallel to the surface of the water. The needles broaden, on 
one side mainly; this is not an outgrowth of the needle. The optic axis 
of this newer ice is perpendicular to the surface. The main sheet of ice 
from ’the beginning consists of this newer ice, the needles seeming to be 
extraneous impurities. If the freezing occurs near 0 °C, the optic axes of 
even the needles are perpendicular to the surface. 

A. E. Nordenskjold reports that, on August 31, 1878, when the sky 
was clear except near the western horizon, and the temperature of the 
water near the surface was between -I- 1 and -h 1 6 °C, and that of the air 
on the vessel between -t- 1 5 and -1- 1 8 °C, “ice was seen to form on the 
calm, mirror-bright surface of the sea This ice consisted partly of needles, 
partly of a thin sheet. The formation of (this) ice was clearly a sort of 
hoar-frost phenomenon, caused by radiation of heat.” 

After the surface of quiet water has become covered with ice, the sheet 
has been found to grow in thickness (x) in accordance with the empirical 

« Barnes, H. T , Snentifie Monthly, 2t, 289-297 (1929) 

'■Kloeke, F., Jahrb. Mtnenl., Geol, 1879, 272-285 (1879), 

nNordoidcjaid, A E., ''!!* Voyage of the K»gs around Asia and Europe," New York, Mac- 
nulftn ft COip pp 317p 31o 8 1882a 
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formula x + x-jZ = 


rKt 

U’ 


where t is Ihc time, t tlie temperature of the 


air, K the thermal conductivity of ice = 0 0057 cal/cm“-sec per ‘’C/cm, 
L the latent heat = 80 cal/g, and 5 the density of ice = 0.9166 
Whence we get Table 188. This formula presumably supersedes the one, 
x^ = — Krt, given by P. Vedel,^^ who recommended an experimental 
determination of K m each particular case. 


Table 188. — Rate of Thickening of Ice-Sheet 

If the temperature of the air is t ‘’C and that of the water is 0 “C, t is 
the time required for the sheet to become x cm thick. The sheet is assumed 
to be free from snow. (See text.) 


I 

-5 

-10 

-20 

-30 


1 

64 min 

32 mm 

16 min 

1 1 mm 

8 0 min 

2 

29hr 

1 4 hr 

43 mm 

29 mm 

21 mm 

10 

1 79 da 

21 4 hr 

10 7 hr 

7 1 hr 

5 4 hr 

15 

3.80 da 

1 90 da 

22.8 hr 

15 2 hr 

11.4 hr 

20 

6.55 da 

3.28 da 

1 64 da 

26.2 hr 

19 7 hr 

30 

14 29 da 

7.15 da 

3.57 da 

2 38 da 

1 79 da 

60 

55 4 da 

27.69 da 

13.85 da 

9.23 da 

6.92 da 

90 

123.3 da 

61.6 da 

30 8 da 

20.6 da 

15 4 da 


Growth and Orientation of Crystals. 

U. Yoshida and S. Tsuboi report (a) that all directions parallel to 
the basal plane of the hexagonal crystal of ice are equally suited for growth, 
which occurs more readily in these directions than in a direction that is 
perpendicular to that basril plane;* (b) that ice formed on the surface of 
calm water exposed to cold air during a fine night is usually composed of 
monocrystals of considerable size with their basal planes nearly parallel to 
the surface ; (c) that ice columns formed in the ground usually take the form 
of long prisms, each consisting of several smaller prisms of monocrystals 
about 0 5 mm. in diameter (cf p. 419) , and (d) that the lower end of an 
icicle usually consists of a slender monocrystal In all these cases the 
growth is parallel to the basal plane of the crystal. If a monocrystal of ice 
only slightly below 0 ‘’C is placed in contact with a drop of water, the water 
freezes slowly, and the crystallographic axes of the new ice are “entirely 
the same” as that of the mother crystal (cf. p. 411). 

Likewise, F. Leydolt reported, as a conclusion from his extended 
polariscopic study of ice, that the optic axis of the ice is always perpen- 
dicular to the surface of the ice-sheet, whether that has been formed on a 
river, a pond, or in a small vessel. And still earlier, G. Tammann and 

*H. D. Megaw” has stated tliat the direction of fastest growth is along the 
normal to the plane (lliO). 

n Vedel, P , /. Fnnklm Inti . 140, 355-370, 437-455 <1895) 

"Yoshida, U., and Tsuboi, S, Mem coU. tn, KyatQ (A). 12, 203-207 (1929). 

" Uesaw, H D , Naiun, 134, 900, 901 (L) (1934). 
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K. L. Dreycr,^* and G. Selignian liad reported likewise , and R. Mallet 
had announced that if any ciystallizable material is "suddenly cooled from 
a state of fusion or solution, by a plane surface of low temperature, the 
crystals in forming arrange themselves perpendicularly to the refrigerating 
plwe," in the direction of the flow of heat. 

The orientation of the crystals in ice formed on the surface of calm 
water is generally reported to be as just described.^^ But J. C. McConnel 
and D. A. Kidd®** have observed surface ice in which the crystals were 
arranged with the optic axis nearly horizontal, and hence with the basal 
planes nearly perpendicular to the surface. They write (p. 334) : “Some 
of the ice of the St. Moritz lake is built up of vertical columns, from a centi- 
meter downward in diameter, and in length equal to the thickness of the 
clear ice, i.e., a foot or more. A horizontal section, exposed to the sun for 
a few minutes, shows the irregular mosaic pattern of the divisions between 
the columns. The thickness of each column is not perfectly uniform. 
Sometimes indeed one thins out to a sharp point at the lower end. Each 
column is a single crystal, and the optic axes are generally nearly horizontal. 
Some experiments on freezing water m a bath lead us to attribute this 
curious structure to the first layer of ice having been formed rapidly, in air, 
for instance, below — 6®C. We found that if the first layer had been 
formed slowly, and was therefore homogeneous with the axis vertical, a very 
cold night would only increase the thickness of the ice while maintaining 
its regularity.” 

In the usual case of an ice sheet formed on calm water, the optic axes 
of the crystals are both perpendicular to the refrigerating surface and 
parallel to the direction of gravity. Whence have arisen two explanations 
of this orientation. A. Bertin announced that the direction of the optic 
axis IS determined by that of the refrigerating surface, being always per- 
pendicular to that , and in confirmation he reported certain observations in 
which the refrigerating surface vras inclined to the horizontal. His conclu- 
sions have been confirmed by F. Klocke.*® On the other liand, O. Mugge ®* 
maintained that the direction was determined gravitationally m the case 
of calm water; the most rapid groivth taking place in the basal plane, 
plates normal to the optic axes are formed, and these will, obviously, 
float with the optic axes vertical If there are currents in the water, as 
will be the case if the refrigerating surface is not horizontal, these currents 
will affect the orientation of the plates. In such a way he attempts to set 
aside Bertin’s observations. 

It seems most probable that Bertin’s view is correct, that as the ice 
crystal is initially formed its optic axis is perpendicular to the refrigerating 
surface — or more speafically, it is parallel to the temperature gradient — 

■Mallet, R, PM. Mag (}). H, $86-593 (1845). 

See aleot Mugge» O. Ntuei Jahrb Minerai., Ceol , 189S||t 2ll>228 (1895), Reusch, E, Ann 
d, Pl^sik (Pogg)g 121, 573<578 (1864), Bertin, A., Ann de chim et phys (3), 89, 87-96 (1863), 
von Engein, O. D, /. Scu (4), 40, 449-473 (1915), Finlayson, ; N" 

McCraael, J. C., and Kidd, D. A, Proc, Roy Soc, (London), 44, 331-367 (1888). 

■■ Bertin, A., Ann, do ohtm, ot do phys, {5), I3» 283*288 (1878). 
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except in so far as mechanical or other disturbances cause it to take some 
other direction. When the crystal is formed on the surface of calm water, 
the gravitational effect mentioned by Mugge will cooperate in keeping the 
axis vertical ; currents in the water may force the axis out of line with the 
temperature gradient.®® When crystallization begins on the surface of 
water that has been cooled significantly below 0 °C, it will give rise to tem- 
perature gradients in the plane of the surface, and these may account for 
the fact that the optic axes of the needles that first shoot out over the sur- 
face are horizontal, as noted by F. Klocke (p. 408), and that the crystalline 
structure of the first layer of ice is irregular (Bertin). Whether the same 
explanation is applicable to the ice, with optic axis horizontal, observed by 
McConnel and Kidd (p. 410) is not clear. 

These unqualified conclusions apply only to the initial crystals formed 
on the surface of water previously free from ice. If there are ice crystals 
already present — blocks of ice, snow crystals — ^then a new effect comes into 
play : namely, the tendency for the new crystal to take the orientation of the 
old crystal from which it springs. The actual orientation will depend upon 
the relative magnitudes of the two tendencies and upon the difference in the 
orientations to which they would individually give rise. J. Y Buchanan ®® 
has described the irregular crystalline structure of surface ice initiated by a 
floating block of glader-ice. 

In the preceding paragraphs we have considered the direction of the 
optic axis only, and have seen that under certain conditions, frequently 
realized, the individual crystals over a considerable expanse of ice are so 
oriented tliat their optic axes are parallel, or very nearly so. Turning to 
the secondary axes we find no such regularity (Mugge ®^). The orienta- 
tion of neighboring flowers of ice, which indicate the orientation of the 
secondary axes, may be most varied. 

K R Koch has suggested that it is very probable that the oriptation 
of the individual crystals may be umform only in thin layers of ice, and 
that, in a thick block, it may differ from layer to layer. This seems to refer 
to the optic axis as well as to the secondary axes 

U. Yoshida and S. Tsuboi ” state that when the freezing is very rapid, 
the ice crystals are oriented at random, even when the freezing is induced 
by a mother crystal. 

When frost forms on ice, the optic axis of each little crystal added by 
the vapor is parallel to that of the ice crystal to which it is attached.®® In 
general, the optic axes of adjacent crystals of ice are not parallel, in which 
case, the frost crystals point in various directions. The ice crystals formed 
by condensation on highly chilled metal plates are oriented at random 
(Yoshida and Tsuboi ”), 

C R Elford ®® has published photographs of triangular crystals extend- 

•See also. Barnes, H T, Nature, «3, 276 (1910), von Enjtdn, O. T> , Am } Set. (4), 60 , 449- 
473 (1915) 

« Koch, K Jt, Ann d Phynk (4), 4S, 237-258 (1914) 

• Plyler, E. K , / Oft Sac Amrr , 9 , 545-555 (1924) 

•• Elford, C. R , MontWy IVealher Rev.«4,8i (1936). 
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ing downward from heavy surface ribs in the ice sheet that formed on a 
mud-puddle that had dried up during the night. 

Reciystallization. 

If a vitreous solid is maintained above a certain temperature, generally 
well below its melting point, it will in time become crystalline. This limit- 
ing temperature, below which the change will not occur, is called the tem- 
perature of recrystallization When a differential stress causes the sub- 
stance to flow while at a temperature between that of recrystallization and 
the melting-point, the flowed substance recrystallizes as soon as the stress 
is relieved; but if the temperature is below that of recrystallization, the 
flowed material assumes the vitreous state. The temperature of recrystal- 
lization of ice is considerably below —12 °C For an example of marked 
recrystallization caused by stress, see O. D. von Engeln.®^ See also p 438 

R. Mallet has written : “If a crystallizable body be heated near to but 
not up to its fusing point, by the application of heat m one plane, a crystal- 
line structure perpendicular to the plane is immediately developed.” And 
again: “In general, change of temperature beyond certain limits develops 
in crystallizable bodies a crystalline structure in the direction of the wave 
of heat, whether into or out of the mass of the body.” 

The term recrystallization is also used to denote the growth of one 
crystal at the expense of another. In order to distinguish this phenomenon 
from the preceding, it will be called migratory recrystallization. 

G. Beilby ®® failed to observe any indication of migratory recrystalliza- 
tion during the slow warming and melting of a film of ice initially at 
— 11 °C, but G. Tammann and K. L. Dreyer®* seem to have observed 
migratory recrystallization of ice, and the fact that glacier grains increase 
in size and decrease m number as the ice ages and moves under complex 
stresses shows that, however it may arise, there is in that case such an 
effect ®® And H. T. Barnes has stated that surface ice becomes coarser 
with age, the large crystals consuming the smaller ones. Furthermore, 
J. Thomson®^ has shown that there must be migratory recrystallization 
whenever it is possible for molecules to pass by any means from a stressed 
crystal to one that is less stressed. An obvious means by which they may 
so pass is by fusion, or sublimation, and resolidification, the temperature 
being suitable. 


Regelation. 

M. Faraday,*® observed that when two pieces of ice, each at 0 °C, are 
brought into contact they freeze together, and do this even in a vacuum or 


" Beilby, G , "Aggregation and Flow of Solids," p 196, 1921 
* Beilby, G , “Aggregation and Flow of Solids,” 1921 

W Tammann, G, and Dreyer, K L, Z anorg allgrm Chem , 182, 280 113 (1929). 

“Vallot, J. Compt rend, 156, 1S75-1578 (1913) 

“ Thomson, J , Frof Roy Soc (London), U, (1861), 

^.'*. 1 **®*! •“ Chem and Phys , pp 372-374, 

377-382 (1859), Pree. Roy. Soc. (London), 10, 440-450 (1860). 
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ill water, and when brought together with the least possible pressure. Tyn- 
dall called this “regelation.” Both he and Faraday explained it on the 
hypothesis that a thin layer of water bounded on each side by ice will freeze 
when it would not do so under other conditions. Having set forth his 
hypothesis that superficial portions of ice melt at a lower temperature than 
do others, Tyndall writes : “The converse of this takes place when two 
pieces of ice at 32 °F., with moist surfaces, are brought into contact. Super- 
ficial portions are by this act virtually transferred to the center; and as 
equilibrium soon sets in between the motion of the tenuous film of moisture 
between the pieces of ice and the solid on each side of it, the consequence 
is shown to be that the film freezes, and cements the two pieces of ice 
together.” 

This explanation was vigorously upheld by Faraday ** and as vigorously 
attacked by the Thomson brothers,®® who ascribed regelation to a melting 
produced by stress, followed by solidification when the stress is relieved, 
such melting and refreezing having been shown by J. Thomson ®^’ ®* to be 
necessary consequences of varying stress. Even in a vacuum the surfaces 
are moist, and there is a pressure due to capillary action ; when the ice is 
in water, there are pressures arising from the unavoidable currents set up 
when the two pieces are brought together, and in all cases there are pres- 
sures arising from mechanical disturbances transmitted from without This 
explanation — ^melting produced by stress and followed by freezing when 
the stress is relieved — ^is the one now generally accepted 

In contrast to the preceding explanations, L Pfaundler thought that 
regelation was to be explained by the presence in melting ice of molecules 
of liquid as well as of solid, the two species continually changing one into 
the other, but just how he expected this to bring about the observed effect 
is not dear. 

E. W. Brayley ®® thought that there was a close analogy between rege- 
lation and the union of polished plates of glass in the manufacture of plate 
glass And that suggests a possible similarity between it and the adhesion 
between flat plates, whether of glass or of metal, that have been wrung 
together. 

The completeness with which tw'O blocks of ice will freeze together 
increases with the pressure and its duration, and depends upon the relative 
orientations of the crystals of the two blocks If the orientations are 
exactly the same in the two blocks, then they freeze together completely, 
the plane of union differing in no respect from any other parallel plane in 
either block If the principal axes are parallel, but the subordinate axes of 
the crystals in one block are not parallel to those of the crystals in the other, 
the blocks freeze together so completely that the plane of separation cannot 

** Thomson. J*. Proe Roy* Soc (London), 10| 152‘>1C0 (1859), 11| 198'204 (1861), Tbomsoxi, W. 
(Lord Kdvin). Idem, 9, 14M43 (1858) 

** Thomson, J, Trans Roy Soc Edinburgh, 575-580 (1849). 

*■ Pfaundler, L, MOller-Pouillet’s *'Lehrbuch der PhTSik/* 9th ed, vol 2s» p. $95, 1898; 
Cf. Sii9. Ahad. Wut W%tn, Sfi, 201-206 (1869). 

••Brayley, E. W, Proe* Roy Soe. (London), X0» 450-460 (1860) 
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be detected by polariscopic observations, but can be by the production of 
Tyndall’s flowers of ice, which show the difference m the orientations of the 
crystals in the two blocks. When tested by compression, the block yields 
first in that plane if the temperature of the room is over 0 °C, but the initial 
yield bears no relation to that plane if the temperature is below 0 "C. If 
the principal axes of the crystals of one block are perpendicular to those 
of the other, the union may again be invisible, but its strength is less than 
in the preceding case.*^ 

Purity of Ice. 

H. T. Barnes *® has frequently emphasized the purity of ice, especially 
of that formed on the underside of a thick sheet growing over flowing water. 
That the great bulk of the impurities carried by the water is eliminated 
under these conditions seems certain, but the elimination of “every trace of 
foreign matter” would seem to require very special conditions. 

G. Quincke stated that the purity of the resulting ice is continuously 
increased by successive fractionings by freezing, but that he never suc- 
ceeded in obtaining ice that was free of grains, that formed a single crystal. 

F. Witt*® has found that the proportion of radon included in the ice 
that first forms when water containing radon is frozen depends upon the 
rapidity of the freezing. When the freezing was as slow as 0 0005 cm®/sec, 
the concentration of the radon in the ice was only 3 or 4 per cent of that 
in the water , but if the rate of freezing exceeded 0.001 cin®/sec the amount 
increased rapidly with the rate. 

Production of Homogeneous Ice. 

In 1845, C. Brunner described his attempts to produce homogeneous 
ice suitable for use in a determination of the density of ice. On cooling 
while exposed to the air, carefully boiled-out distilled water takes up so 
much air that when it is frozen it contains many bubbles, especially in the 
portion that was the last to freeze. Covering the water with turpentine 
immediately after the boiling kept out the air fairly well, but the ice was 
then full of cracks. Following a suggestion, which he attributes to F. C 
Achard,*®^ he exposed one side of the vessel, containing the water to be 
frozen, to a low temperature and the opposite to a temperature above 0 “C 
The ice so formed contained some air-bubbles, but not nearly so many as 
that formed in the usual manner. He found that selected river-ice was 
much superior to any ice he succeeded in freezing in the laboratory. 

L. Dufour boiled-out and froze water in a Torricellian vacuum, air 

"See Hess, H *■ »» ss; Heim, A, Ann. i Phynk (Pogg ) Erg Bd, S, 30-63 (1871); 
Hagenbach-Bischoff, E** 

■* Barnes, H. T , “Colloid Symposium Monographs,” 3, 103-111, Reinhold Publishing Corp , 1925, 
"Colloid Chmistry” (J Aleicander, ed ), Vol 1, pp 435-443, 1926 
•oWitt, F., Sttr Akad fPtss. Wien (Abt Ua). 139, 195-202 (1930) 

»» Brunner, C , /<iw d Phynk (Pogg ), 64, 113-124 (1845) 

Achard, F. C , "Chem.-Phys. Schriften," Berlin, 1780 
us Dufour, L, Compt. rend, 54, 1079-1082 (1862) 
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pr^sstire not over 0.5 mm. The ice contained a few very small bubbles. 
It was opalescent and very homogeneous. He states that the opalescence 
was not due to air, but to the crystalline structure of the ice, or to internal 
crevices. 

R. Bunsen introduced boiled-out distilled water into one arm of a 
U-tube initially filled with air-free mercury The water was introduced 
while hot, was boiled in the tube, and the tube was then sealed so as to 
exclude all air. The water was frozen gradually from the top downward. 
Thus he obtained a cylinder of ice that was entirely (vollig) free of air- 
bubbles, and that was equal to the best crystal glass in clearness and 
transparency. 

G Forbes used the same procedure, and stated • “The ice formed 
was quite uniform, very clear, and when cloven by planes perpendicular to 
the plane of freezing, split easily, showing the crystalline structure with 
great clearness.” 

G Quincke stated that by repeated fractionations, by means of freez- 
ing and thawing, the ice becomes ever purer and purer, and the crystals 
larger, but that he had never succeeded in obtaining ice that was not an 
2 '&gregate of many crystals The removal of air by alternate freezing and 
rapid thawing had been described, and the method seems to have been used 
by Duvernoy nearly 40 years before. 

A Leduc introduced hot. boiled-out distilled water into an exhausted 
vessel, and froze it progressively from the bottom to the top The upper 
portions contained bubbles Even after three such freezings m vacuo there 
were small bubbles in the portion last frozen. A fourth freezing appeared 
to produce no further improvement Likewise, G. Bode has stated that 
neither the boiling-out of distilled water nor its repeated freezing in a 
vacuum is suffiaent to insure a clear sheet of ice 

H Hess stated that by slow, long-continued freezing very homogene- 
ous ice-sheets may be formed on the water in large reservoirs On thaw- 
ing, these sheets break up into vertical, columnar pieces 

Monocrystals of Ice, 

A portion of ice is defined by J M Adams and W. Lewis as mono- 
crystallic if the flowers of ice formed in it all lie in parallel planes and are 
similarly oriented They actually use the faces of the negative crystals 
(p. 406), formed when the water m those cavities is refrozen, as indices of 
the orientation of the flowers 

They have reported that monocrystals "with dimensions of the order 
of 10 cm were readily produced” by the following method. A mono- 

^Bunsen, R, Ann H Phynk (Pog/j ), 141* 1-31 (1870) 

Forbes, G, Proe, Roy Soc Edinburgh, 8, 62-69 (1873), 

Duvernoy, Ann d Phystk (Pogg ), 117, 454*463 (1862). 

Leduc, A, Compt rend, 142, 149-151 (1906) 

""Bode, G, Ann, d Phystk (4), 30, 326-336 (1909) 

*«Hcs 5. H, ‘*Die Gletscber,” 1904, 

“•Adams, J. M, and Lewis, W., Rev Set Inst (N S ), % 400-402 iin4) Phys Rev, (2), 
46, 328 (A) (1934), 
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crystallic fragment of commercial ice is cut with two faces parallel and 
presenting any desired aspect to the principal axis One of these faces is 
frozen to the outer surface of a metal vessel containing a freezing solution 
( — 10®C), and the opposite face is dipped just below the surface of dis- 
tilled water at 0 ®C in an ice-jacketed vessel. They boiled the water and 
cooled it rapidly to 0 ®C. The main body of the growth is monocrystallic 
with the seed. As the length increases, growth becomes slow, and it may 
be desirable to make a new start, using a seed of greater cross-section, cut 
from the recently formed monocrystal. Parasitic crystals tend to start 
where the air-water surface meets the seed, and should be removed from 
time to time. 

H. D Megaw ™ has grown single crystals in a capillary tube of Linde- 
mann glass m a copper-wire holder cooled by means of a mixture of acetone 
and solid carbon dioxide. And J Meyer and W. Pfaff have observed 
spicules of ice which they thought were monocrystals. 

Freezing of Supercooled Water. (See also Section 97 ) 

That water can be cooled much below 0 °C without freezing, is well 
known G Oltramare *** has stated that both R Pictet and L Dufour 
had carried the supercooling to — 40®C (no citation). The greater the 
supercooling the more readily does freezing occur, at least within certain 
limits, but the only certain way to initiate freezing intentionally is to “seed” 
the water with a suitable crystal. The smallest particle of ice will at once 
grow rapidly when placed in supercooled water, branching and spreading 
until either all the water has become frozen or the temperature has risen 
to 0 ®C. All other methods commonly quoted as efficacious are so irreg- 
ular in their actions, or have been shown to fail so signally under certain 
conditions, often ill-defined, that one must conclude that they are, at best, 
only secondarily involved in the initiation of the freezing that is some- 
times, or often, observed when they are employed. On the other hand, 
certain conditions seem to oppose freezing These are considered in 
Section 97. Initiation of freezing is not the mere negative of opposition to 
freezing, although the contrary might be inferred from many of the articles 
on this subject. 

The freezing of water that has been greatly supercooled has been 
described by H. Hess,*®*' p who states that the resulting ice generally 
lakes the form of hexagonal prisms or plates, reminiscent of snow-crystals 
H T. Barnes and H. L. Cooke*** had more difficulty in cooling water 
through 0 ®C than in continuing the cooling to lower temperatures, and 
stated that when freezing occurred at low temperatures (approximately 
— 10 ®C) “the ice formed all through the mass of the water.” They also 
reported that “care had to be taken that the thermometer bulb never 
touched the bottom of the flask when the water was supercooled, as it almost 

•“Mejer, J , nnd Pfaff, W., Z onara tttgem Cham. 234, 305-314 (1935) 

“ Oltranare, G , Arek. d*t «i phyt. at m*. (i). 1, 487-501 (1879). 

x'Baraei, H T, and Cooke, H L, Phyi. Xtv, 15^ 65-72 (1902). 
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invariably caused freezing to take place. The ice would start at the point 
of contact and immediately spread out all through the mass of the water.” 

Cooling water to —10 or —13 “C is not so difficult as one might infer 
from the published accounts (see p. 638). 

When water contained in a wide tube, or other vessd, is frozen 
rapidly, it is not unusual to see spicules of ice, from a millimeter to sev- 
eral centimeters in length, growing from the surface, or from the walls 
of the vessel. These occur when the surface of the water, including 
the film on the walls, is frozen first. This traps the remaining water, 
so that Its pressure rises as further freezing occurs, until presently 
it breaks through at some point of weakness, gushing out in a jet that 
freezes at once into a tube that continues to grow at its tip. The break 
usually occurs in the surface ice, but the pressure may be transmitted up 
the film on the surface of the vessel to a weak place in the covering ice.”’ 

If heat is being abstracted from the water rapidly, but only a small portion 
of the water was supercooled when freezing began, the growth of the spicule 
may be slow. But if at the initiation of freezing the bulk of the water was 
considerably supercooled, the spicule shoots out with a surprising velocity. 
Such growths have been observed by the compiler, and always under con- 
ditions that seem to demand the explanation just offered On the other 
hand, J. Meyer and W. Pfalf have described similar spicules which they 
think arise from condensation of the vapor, and which they believe are 
monocrystals. 

Icicles. 

No record of any careful study of the crystalline structure of icicles 
has come to the compiler’s attention except that of F Leydolt.** As a 
result of his polariscopic study of icicles, he announced that the optic axis 
IS always radial, normal to the geometrical axis of the icicle. Nevertheless, 
other quite positive though mutually contradictory statements occur. It 
will suffice to mention four. 

If the icicle is produced by slow and continuous freeing, it consists of a 
single crystal with its optic axis horizontal ; and if it hangs from the eaves 
of a roof, its optic axis is not only horizontal, but is also perpendicular to 
the eaves. If the growth is interrupted by a drop in the temperature, and 
is later renewed by the thawing of ice or snow on the roof, then the icicle 
acts as the chilling surface, and the axes of the new crystals are everywhere 
perpendicular to the surface of the original icicle. So says H. Hess,^®®- *■ 
but it is possible that his statements are colored by his belief that the optic 
axis is always parallel to the heat-stream at the instant the crystal is formed 
The truth of the second sentence of this paragraph is especially doubtful as 
it seems more reasonable to expect that the axis of the new crystal will be 
parallel to that of the crystal on which it is being formed. 

In marked contrast to the preceding, J. C McConnel and D. A. 

»> Bally, O., Hetv Cktm jtefa, 18, 47S-476 (193S). 
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Kidd *•* have stated : “An idde is an example of ice formed of very 
minute crystals irregularly arranged.” A. Bertin*® said that the crystal- 
lization of an idcle is confused, and U. Yoshida and S. Tsuboi ™ have 
stated that the lower end of an idde usually consists of a slender single 
crystal. 


Hail. 

Treatises and journals devoted to meteorology, as well as those devoted 
to physics, should be consulted by one interested in the nature of hail and 
in the conditions under which it is formed. The experiments and discus- 
sions by L. Dufour,**' G. Oltramare,”^ and K. C. Berz,^^® are interest- 
ing and suggestive. Some of Dufour’s experiments are considered in 
.Section 97. 

Hailstones may be very large G. Oltramare has stated that they 
may weigh as much as 500 grams (no dtation). Captain Blakiston has 
reported an ice storm in which large stones fell He weighed blocks of 3 5 
and 5 ounces (100 to 140 g), and pieces the size of a brick were said to 
liave been seen. P A Secchi has described a violent hailstorm in which 
many of the hailstones consisted of clusters of hexagonal prisms terminated 
at their outer ends by pyramids [illustrations], some of the crystals being 
a centimeter long and correspondingly wide. Many of the clusters were 
S to 6 cm in diameter, and some weighed as much as 300 grams * 

The velocity of the uprush of air that is required to support a spherical 
hailstone of density 0 7 g/cm® at a height of about 5 km above sea-level has 
been computed by W. J. Humphreys to be as follows : 


Diameter 1 2 253 3 5 4 5 inches 

Velocity 55 78 91 109 136 185 219 miles/hour 

He gives corresponding values for other densities between 09 and 0 5 
g/cm* Similar data have been given by M A Giblett and by G Grim- 
minger.'®® 

J Smithson’®’ observed that hail which is sufficiently regular for 
measurement usually consists of two hexagonal pyramids joined base to 
base, one of the pyramids being truncated, and the angle formed by the 
junction of the pyramids being about 80 degrees; and F. Leydolt*® has 


♦Accounts ^severe hailstorms, in some of which hailstones were reported as 
large as 13 to 20 inches in circumference, some weighing from one to four pounds, 
may be found in Nature, 125, 32, 656, 728, 765, 800, 840, 877, 913, 956 994 09301 ■ 
126^41, 81, 117, 153, 188, 224, 262, 385, 457. 663, 669, 976, 1012 (193()) ; 137, 2lS 

u* Oufour, L , Arch </<•« tei fhvs et nat (N S ), 10, 346-371 (1861) 

«» Ben, K C . Kottmd Z . 41, 196-220 (1927) 


ill Ulakiaton, Captain, Proc Kov Soe London, 10, 468 (I860) 

1" Secchi, P A , Butt Ueteoroi Osserv Coll Romano, IS, 73-74 (1876). 
“• Humphreys, W J , Monthly Weather Rev , S6, 314 (1928) 


“•Giblett, M A, / Roy Aeronaut Soe Grt BrtI , 31, 509.540-549 (1927). 
“Grimminger, G. Monthly Weather Rev 61, 198-200 (1933), 

>*1 Smithson, J , Ann Phd (N. S ), 5, 340 (1823). 
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reported that the optic axes of the constituent crystals in a hailstone are 
radial. 

Descriptions of hailstones and of the microscopic appearance of sections 
of them have been published by J. H. L. Flogel.“^* 

Snow and Frost. 

Snow crystals are formed by inverse sublimation, by the passage of the 
molecules directly from the gaseous to the solid state (Hess).®®’ ^ ® G. Tam- 
mann states that snow is not formed at temperatures above —4 ®C, that 
precipitation above — 4 "C takes the form of rain. Obviously, the rain may 
freeze, producing hail. G. Stuve has concluded that gaseous nuclei of 
condensation give rise to drops of water only ; that soluble salts give rise to 
drops if the temperature at which the condensation begins is above — 20 °C, 
and to stars of snow if the temperature is lower ; and that insoluble hygro- 
scopic nuclei give rise to needles of ice at all temperatures below 0 °C. 

The typical crystal of snow or frost is 6-rayed, but innumerable modifi- 
cations are found. The finest collection of photographs of snow-crystals 
and frost figures is that of W. A. Bentley, containing over 4000 negatives. 
He states that in the 45 years of his study he has never seen two snow 
crystals that were exactly alike. He has published an extended study of 
such crystals,^*® and recently, m conjunction with W. J. Humphreys, has 
published a beautifully illustrated volume (230 pages) entitled “Snow 
Crystals” (1931). Microphotographs of snow and rime have been pub- 
lished by G. Stuve ; detailed studies of crystals of snow and frost, both 
natural and artificial, have been carried out by U. Nakaya and associates,*®® 
and by G. Heilman,*®® I. B. Schukewitsch,*®® and A. Erman.*®* Snow and 
the structure and properties of snow fields and the changes they undergo 
have been studied by G. Sehg^man,*®’ *®* and G. Seligman and C. K. M. 
Douglas.**® 

When a thin layer of mud freezes during a cold night, the ice often 
takes the form of loosely packed hexagonal columns, often hollow, each 
carrying on its top a grain of sand or a bit of earth ; or the entire bundle 
of columns may be covered with a continuous roof of earth. It is com- 
monly stated that the optic axis of the ice in these columns is always 
vertical,*®®’ *■• *® but F. Klocke *® found this to be seldom true. He found 
that eadi column was generally an aggregate of small, approximately parallel 
needles meeting at sharp angles, and having their optic axes variously 

“<• Flogel, J H L , An» d Phvsik (Pogu ), !«, 482-486 (1872). 

iffib Xammann. G , ’’Aggregatzustande,” p 219. 1922 

“*■ Stuve, C , Garlands Bcitr w» Ceofhys. (Kafpcn Bd I), 32, 326-335 (1931) 

iBBenUey, W. A., Monthly H'eatksr Rev, 29, 212-214 (1901), 35, 348-H, 397+, 439+, S12+, 
584+ (1907) 

w Nakaya, U, and azBociatea, J. Foe Se*. Hokkaido, 1934-1936, aee Seligman, G, Nature, 140, 
345-348 (1937) 

••• Heilman, G , "Schneekristalle,” 1893 

M* Schukewitsch, I B, Bull Acad Imp. Set St Petersburg (6). 4, 291-302 (1910) 

«>Ennan, A, Phil. Mag (4), 17, 405-413 (1859). 

ut Seligman, G., Nature, 140 , 34S-348 (1937); J. Roy Meteorol Soe , <3, 93-103 (1937) 

»* Seligman, G., and Donglas, C. K, M , “Snow Structure and Ski Fields,’’ xii + 555, 1936. 
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directed, so that when placed in parallel light between ciossed nicoU it was 
impossible to orient a column in sucli a way as to obtain darkness. The 
composite character of the columns has been mentioned by Yoshida and 
Tsuboi also (see p. 409). 

Glaciers. ' 

Glaciers and the icebergs to which diey give rise are merely compacted 
masses of snow and frost. They contain large amounts of entrapped air. 
H. T. Barnes has found that the volume of the entrapped air, when 
under a pressure of 1 atmosphere and at the temperature of the iceberg, 
may be from 7 to 15 per cent of the total volume of the berg. 

Icebergs derived from glaciers may explode with considerable violence, 
as a result of their internal strains. A. E. Nordenskjold likens them to 
immense Prince Rupert drops. He gives (pp 319, 320) the following 
description of the breaking up of such bergs: “Glacier-ice shows a great 
disposition to fall asunder into small pieces without any perceptible cause. 
It is full of cavities, containing compressed air which, when the ice melts, 
bursts its attenuated envelope with a crackling sound like that of the electric 
spark. Barents relates that on the 20/10th August 1596 he anchored his 
vessel to a block of ice which was aground on the coast of Novaya Zemlya. 
Suddenly, and without any perceptible cause, the rock of ice burst asunder 
into hundreds of smaller pieces with a tremendous noise, and to the great 
terror of all the men on board Similar occurrences on a smaller scale I 
have myself witnessed.” 

As the surface of the glacier melts, it becomes fissured and pitted, and 
acquires a granular structure. These “glacier grains” vary in size from 
that of snow crystals to several hundred cubic centimeters ; 

E. Hagenbach-Bischoff says they may be 10 or even 15 cm broad Each 
grain is a single crystal, although its boundaries are very irregular, and 
generally curved, and its refraction may be complicated by the strains that 
exist in it ; Tyndall’s flowers of ice are circular.*®' “Glacier ice is a sort of 
conglomerate of these grains, differing, however, from a conglomerate 
proper in that there is no matrix, the grains fitting each other perfectly." *®® 
It would, perhaps, be better to say that the matrix consists solely of imper- 
ceptibly thin layers separating the grmns and enclosing each in a separate 
cell. (See p. 401 + .) S. Skinner has studied the fine structure of the 
surface-ice of glaciers by the use of plaster casts.*®® 

In general, the optic axes of the several grains seem to be arranged 
quite at random,®**- ®®- *®* but Drygalski has reported that the optic axes of 
the several grains in the old inland Antarctic ice-sheet and of those in the 
deeper layers of Antarctic icebergs are similarly directed (see G. Tam- 
mann *®*''- pp ®*®- ®*®). C. Grad,*®* and A. Bertin »® have reported the same 

*■ Barnet, H T , "Ice Engineering,” p 34®, 1928 

ue Nordentkjeid, A. B, "The Voyage of the Kept around Atia and Europe," 1882. 

toKlocke, F, Ntutt Jahrb Unural , Grot, t88ii, 23-30 (1881). 

“• McConnell, J. C , and Kidd, D A., Free. Soy Soe. (London), 44, 331-367 (1888). 
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thing for the deeper portions of the termini of glaciers, the direction of the 
optic axis being vertical. Grad attributed this orientation to the prolonged 
action of pressure, and likened it to the temporaiy birefringence produced 
in glass by suitable stresses. Bertin seems to have thought that it is to be 
accounted for in somewhat the same way as the vertical direction of the 
optic axes of the crystals in a sheet of ice formed on calm water. O. Miigge 
would explain it as a special case of his experiment in which a bar of ice 
supported near its ends and loaded in the middle, the optic axis being per- 
pendicular to the length of the bar and inclined to the vertical, tends to 
rotate so as to bring the optic axis toward the vertical. 

On the other hand, J. Muller found no such general uniformity in 
the directions of the axes, though in small portions of the ice, scattered here 
and there through the lower end of the glacier, the axes were vertical. 

The grains increase in size, and consequently decrease in number, as the 
ice ages. This occurrence in the body of a glaaer does not result from the 
freezing of water seeping down from the melting surface, for it has been 
found that the body of the glacier is impervious to liquids, and that at depths 
exceeding a meter the temperature is rarely as high as 0 “C (Vallot and 
Forel as quoted by Hagenbach-Bischoff ^®®). It is probably due to migratory 
recrystalhzation (p. 412) — to a sublimation and recondensation similar to 
that by means of which large ram-drops devour smaller ones,^®> assisted 
by the tendency of crystals in close contact and under pressure to freeze 
together solidly if their axes are similarly directed (p. 413 and “®), and 
by the melting and refreezmg that accompany stresses and their variations 
(p 437 -t- and E Hagenbach-Bischoff 

But through the upper layers of the glacier, especially through the n6ve, 
water can percolate Hence if the surface temperature during the day is 
above 0° C there will be melting, percolation of water, and freezing of 
that water at greater depths. Thus the observed internal layers of ice may 
be formed, the grains may grow, and possibly an actual glacier might be 
formed in this manner,^®® but only in a relatively thin superficial layer can 
the growth of the grains be so affected.**® 

Those interested in the structure of a snow field and in changes it under- 
goes as it is gradually converted into a glacier, should read the papers by 
G. Seligman,^*’ and G Sehgman and C. K M Douglas.**® 

A glacier flowing down a mountain is squeezed together where its bed 
narrows, exhibiting definite lines of flow Where the bed widens the ice 
splits, forming crevasses ; these form suddenly, but widen slowly.*®® 

“•Grad, C, Compi. rend.. 64, 44-47 (1867), (ee Heim, A, Ann. d Phynk (Pogg ) Erg Bd , S, 
30-63 (1871). 

“MflUer, J., Ann d Phynk (Pogg), 147, 624-626 (1872) 

Hagenbach-Biachoff, E, Z. Kryet , 20, 309-310 (1892) «- f'er* d. naturf Gee. Basel, 8, 
821-832 (1889) 

in Hogenbach-Biaclioff, E, Z Kryst , II, IlO-lIl (1885) ♦- KerJi naturf Gfs. Basel, 7, 
192-216 (1882) 

“Devanx, J, Compt rend, 18S, 1602-1604 (1927) /,onn\ 
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The mechanics of glaciers has been discussed recently by M. Lagally,^*^ 
Proposed explanations of the motion of glaciers have given rise to various 
disputes, such as the recent one between R. T. Chamberlin and O. D. 
Engeln,^^® 

Of the many phenomena that may be involved in the motion of glaciers, 
the one most commonly invoked to explain the general flow and the com- 
pression of the glacier where the bed narrows is that of the lowering of the 
melting-point by pressure, together with the regelation that follows a release 
of pressure.'** G Beilby,®*- however, has pointed out that this 

can be effective only when the temperature of the ice is near 0 “C, a pressure 
of 138 atm (corresponding to a free column of ice 5000 feet high) causing 
a depression of only 1 ®C in the melting-point 

In contrast to the great pressure required to lower the melting-point 
by a small amount, he found that ice at — 11 ®C can be flowed by a steel 
burnisher exerting a pressure not exaseding 30 or 40 lbs. per sq in. (say, 
2 atm). In order to lower the melting-point by 11 ®C, the pressure would 
have to be of the order of 1500 atm, corresponding to a free column of ice 
55,000 ft. (over 10 miles) high. 

He concluded that “true molecular flow, which,” under differential 
stresses, “occurs alike at the external and internal surfaces of crystalline 
aggregates, has, therefore, a wider and more fundamental relation to the 
phenomena of ice flow than fusion and regelation ” J. H Poynting’s (1881) 
conclusions (p. 431) regarding the melting of ice by pressure to which the 
resulting water is not subjected, and R W. Wood’s (1891) experiments 
(p 439) on the compression of ice in which lead pellets were embedded, 
are of interest in this connection. 

J. Vallot*® has studied the variation in the temperature with the depth 
below the surface of a glacier He found that the diurnal variation did not 
extend below one meter, nor the annual variation below 6 or 7 meters At 
a depth of a meter the temperature rose above 0 "C only under exceptional 
conditions. The work was done on Mt. Blanc, at an elevation of about 
4 3 km 

An c.xplanation of the veined .structure often observed in glaciers, based 
on the melting and refreezing of ice under the action of changing stresses, 
has been offered by W. Thomson (Lord Kelvin).'*® 

H. Hess '®* P '* has stated that lightning had never been known to 
.strike a glacier. But is it not probable that he has recorded merely a lacuna 
in our observations.? 

For a recent summary of our knowledge of glaciers, see H. Hess.'*® 


>"^ally, M. Gerlands Bevtr Gnfhys, Sufpl Bi , 2, 1-94 (Biblioe 112) fl933) 
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S«a-ice. 

The ice foimed from sea-water contains some salt. This salt differs in 
composition from that contained in the sea. For example, the ratio of the 
sulfates to the chlorides is greater in the ice than in the sea. In the process 
of freezing a selection is made, certain constituents of the salt are in a 
measure retained, while others are more completely eliminated. It is 
to be expected that the retained salt is not contained in the ice-crystals 
themselves, but lies in the boundaries between the crystals. In newly 
formed sea-ice the salt is quite uniformly distributed in the proportion of 
4 or 5 parts per 1000 of ice. As the ice ages, there is a migration of the 
salt from the interior to the surface. In a case reported by Drygalski, the 
salinity decreased in two months from 4 or 5 parts per 1000 to only 1 or 2 
(see H. T. Barnes and A. E. Nordenskjold stated: “The water 
which is obtained by melting sea-ice is not completely free from salt, but 
the older it is the less salt does it contain” (p. 321). 

J. Y. Buchanan*® has shown that the salt contained in sea-ice is not 
contained in the ice crystals, nor as a solid inclusion, but in brine entrapped 
between the crystals. When the ice is first formed, the composition of that 
salt is the same as that in the water from which the ice was formed, but as 
the ice ages, the composition changes, owing to various secondary effects. 
Owing to its composite structure — ^ice-crystals surrounded by brine — sea- 
ice melts progressively, the amount melted at any given temperature being 
just enough to make the concentration of the resulting mtercrystallic brine 
such that the melting point of ice bathed in the brine is the given tem- 
perature. 

In this composite structure and in the progressive melting is to be found 
the explanation of the many differences between the behavior of sea-ice and 
of ice formed from fresh water. For example, sea-ice not only melts below 
0 °C, but as the temperature is raised from a low value, the volume of the 
ice reaches a maicimtifn and then decreases as the temperature is further 
increased. This decrease indicates that melting has already begun, although 
the ice appears to be as solid as ever , the melting is at the boundaries of the 
crystals, where they are bathed with the intercrystallic brine. Thus, ice 
containing 2.73 parts of chlorine per 1000 began to contract at — 14°C, 
and that contai ni n g 6.49 parts began at — 18 °C. Buchanan has shown that 
such contraction can be explained in the manner indicated. Pettersson 
gives several sets of data showing such contraction. 

Buchanan stated: “At the winter quarters of the Vega brine was 
observed oozing out of sea-water ice and liquid at — 30°C. It was very 
rich in calcium and especially magnesium chlorides. In fact, it ts probably 
quite impossible by any cold occurring in nature to solidify sea-water." 

Thin layers of sea-ice are white, from mechanically suspended salt, and 

Petteruon, O, "P'raa-Expeditiones Vctenik. Jalct," Vcd 2, pp. 249-323, 1B83; as reviewed 
in Beat. Aim. k. Phynh, 7, 834-841 (1883). 

"» Bunet, H. T., “Ice Engineeriag,” p. 231, J928. 
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are so mobile tliat a small wave may travel through them without breaking 
them up.^** 

The following description of the formation of sea-ice is adapted from 
one that Barnes ***• credits to J. B. Woodyatt. At first there appears 
a sort of thin slush on the surface of the sea. From a distance, its appearance 
resembles that of oil on water. It forms a cohering and flexible surface ; 
the wash from a ship distorts the surface, but does not break it up. This 
slush forms into h'ttle discs about 4 inches in diameter, which gradually 
grow in diameter. They have no power of cohesion. They are pushed 
about 1^ wind and water until severed are piled partly on top of one another, 
making aggregates about 2 feet in diameter, the intervening spaces being 
filled with the slush. The lapping of the water deposits slush in ridges 
both on their tops and along their edges. Clumpets with such slushy edges 
tend to stick together when they meet, but even a small wave will pull them 
apart or slide one on top of another. Presently the intervening slush 
hardens, cementing the surface, then the ice grows rapidly. 

At other times the growth proceeds quite differently, giving rise to much 
clearer and more brittle ice, with vertical cleavage planes. This type of ice 
forms on still water in very cold weather. 

60. Molecular Data for Ice 

Numerous suggestions regarding the nature and structure of the ice 
molecule have been advanced, but no generally accepted conclusion has yet 
been arrived at. Here the compiler will do no more than indicate a few of 
those suggestions, and cite certain publications in which the subject is dis- 
cussed in some detail. The corresponding sections for the vapor (9) and 
the liquid (25) should be consulted. 

Association of Molecules in Ice. 

H. M. ChadwelP*® has leviewed the several suggestions regarding the 
molecular structure of water and of ice, and the evidence on which they rest. 
He gives a bibliography of over 100 titles. 

The most widely held opinion seems to be that the molecule of ice-I is 
(H 20 ) 8 , called trihydrol, but several have regarded it as more complex, 
and G. B. B. M. Sutherland concluded that nothing more complex tVian 
(HsO )2 is needed. To Sutherland’s conclusions, I. R. Rao^®^ seriously 
objects, favoring the trihydrol theory. 

In contrast with the preceding, others, including W. H. Bragg and 
W. H. Barnes,^®* are of the opinion that a mere space lattice of ions is 
preferable to any type of polymerization as a representation of the structure 

u*Cliadwel1, H M, Chtm’l Rev, 4, 37S-398 (1927). 

SntberUnd, G B B. M , Proc Roy. Soc. (London) (A), 141, 535-549 (1933). 

» Ru, I R , Idem. 145, 489-508 (1934) 

>**Bna;, W. H, Proe. Phyt. Soc (London), 34, 98-103 (1922). 

<**Barae*, W. B., Proc. Roy. Soc. (London) (A), 12S, 670-693 (1929). 
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of ice-I. To tliat, T. M. Lowry and M. A. Vernon do not agree, giving 
reasons for believing that there is a polymerization in which additional 
bonds come into play. They postulate a network of single bonds between 
quadrivalent oxygen and bivalent hydrogen. 

From his determinations of the dielectric constant of ice-I and of the 
way it varies with the temperature and the frequeniy, J. Errera thought 
it probable that at the freezing point there is no distinction between the 
molecules of water and of ice. That does not accord with the more common 
opinion that the proportion of trihydrol in water at 0 is less than 50 per 
cent of the whole (Table 79). 

I. R. Rao has expressed the opinion that it is not possible to derive 
from existing x-ray data any definite conclusion regarding the extent of the 
association in either ice or water 

The complexity of the ice molecule has been considered also P. N. 
Chirvinskii,^®* J. Duclaux,^®^ R. de Forcrand,^®® E. J. M. Honigmann,*®* 
and L. Schames.*®® 

From the great values of the pressure-derivative of their mutual equi- 
librium temperatures (small values of dP/dt, Table 270), G. Tammann *®^ 
has concluded that ices I, III, V, and VI have all the same molecular weight, 
their molecules being isomeric, difiFenng one from another in the distances 
between the constituent atoms, but not in the grouping of them. 

Structure of the Molecule of Ice. 

The structure of the molecule of ice, as regards the arrangement of the 
atoms, the distances between them, and their bonding, is intimately related 
to the ultimate crystalline structure of ice, as revealed by means of x-rays. 
Both will be considered in this section, the second being considered first. 
For the actual values of the periodicities observed, see Table 212. H. M. 
Chadwell’s review,*®® with bibliography, should be consulted. 

Only ice-I, ice-II, and ice-III have as yet been studied by x-rays. R. L. 
McFarlan has concluded that the lattice pattern of ice-II is tliat of a side- 
centered orthorhombic cell having a = 7.80A, b = 4.50A, apd c = 5.56A, 
and containing 8 molecules *®® ; and that that of ice-III is a body -centered 
orthorhombic cell having a = 10.20A, b = 5.87A, and c = 7.17A, and con- 
taining 16 molecules.*®* , 

The x-ray studies of ice-I are numerous and conflicting (see A. B. 
Dobrowolski *®®). A key to the last may perhaps be found in the recent 

‘‘‘Lowry, T M, and Vernon, M A, Tratu Faraday Soc , 2S, 286-291 (1929) 

“Errera, J , J dt Phys (6), S, 304-311 (1924). 

“ Chimnekii, P N., Ckam. Abtt,, 17, 2525 (1923) *- Bull. Soc. Susie amts Vitude I’uuivtrt 
(Petroprad), 7, 6-10 (1918). 

>« Dudaiui, J , J de cUm phys , 10, 73-109 (1912). 

“de Forerand, R., Compt rend. 140, 764-767 (1905). 

“Hooigmann, E J. it , NaturwussHiehafien, X, 635-638 (1932). 

“ Sehamei. L., Aun. d Phystk (4), 38, 830-848 (1912). 

“Tammann, G., "Aggregatauatande," pp 143, 144, 1922. 

“McFarlan, R L., J Chem’l Phys, 4, 60-64 (1936) -> Pliyf. Sev. (2), 49, 199 (A) (1936). 

“McFarlan, S. L., J. Chem’l Phys. 4, 253-259 (1936) -* Phys. Rev. 49, 644 (A) (1936). 
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announcement by N. Seljakov that ice-I occurs in two forms : a-ice, 
belonging to one of the following 4 classes, 3 of the hexagonal system — 
dihexagonal-bipyramidal (Dn), trapezohedral (De), and dihexagonal- 
pyramidal (Ce®) — ^and one — the ditrigonal-bypyramidal (or holohedral) 
class (Dn ) — of the trigonal system; and ;8-ice, belonging either to the 
rhombohedral class (Cat) or the pyramidal class (Cs) of the trigonal sys- 
tem. The lattice unit is essentially the same for each form . a = 4.52 
0.03A, c = 7.34 =*= 0 04A, c/a = I 0.02. He discusses the discrepan- 
cies in the reported values in the light of his observations. 

A recent x-ray analysis of ice-I has been made by W. H Barnes,^®* 
using both single crystals obtained from commercial, artificially frozen ice 
and thin plates of clear, flawless ice grown on the surface of a basin of 
water exposed to the air during cold weather. He obtained Laue photo- 
graphs of the plates at —78.5 °C, and rotation and oscillation photographs 
of the single crystals at — 20 “C. The former showed that the crystals can 
be referred to hexagonal axes, and the latter gave for the unit cell : 

a = 4.53bA, c = 7.41A, c/a = 1.634 

and content = 4 hydrol (HaO) molecules The dimensions are believed 
to be correct within a few parts in 1000. 

These results essentially agree with those (o = 4 52, c = 7 32, c/a = 
1 62) of D M. Dennison for ice obtained by plunging into liquid air a 
capillary tube filled with water. Dennison’s data are given m R. W. G 
Wyckoff’s compilation ^®’’ together with the citations : VV. H. Bragg,*®- 
R Gross,*®® F. Rinne,*«» and A St. John.**® 

On the other hand, A. St John,**® using single crystals obtained by 
freezing water m exposed open pans, found a = 4.74A, from which he com- 
putes c = 6 65A, accepting Dana’s value c/o = 1 4026. Both H. T 
Barnes *®®' ** and W. H. Barnes ***’ ^ ®** suggest that the difference 
between these and the other values may arise from a real difference in the 
structure of the specimens used. 

Laue photographs of powdered ice at —9, —13, —78, and — 183°C 
were taken by W. H. Barnes,***' ^ ®*® but no indication that the structure 
depends at all upon the temperature w'as found 

On the other hand, E. F. Burton and W. F Oliver *** have found that 
the structure of the ice formed by freezing water-vapor onto a cold metal 
surface below — 80 °C varies with the temperature, becoming vitreous if 
the temperature is below about — 110 "C If the temperature of the vitre- 
ous ice is raised above — 1 10 °C its structure becomes more organized, but 

Dobrowolski, A B . Bk// Fr Mineral , 5®, 335-346 (1933). 

>« Seljakov, N, Comri rend Acad Set URSS, 10, 293-294 (1936), 11, 227 (1936), 14, 181 
196 (1937) 

'« Dennison, D M , Pkti Rev (2). W, 20-22 (1921) 

‘"Wyckoll, K W G. in/ t'nf Tablet, I, 318-353 i141) (1926) 

/■Gross, R, Centralhl Mm. Gcal, Palaon, 1919, 201-207 (1919) 

/• Rinne, F, Ber Sachs Get Mur (Math -Phys ), 69, 57-62 (1917) 

•n St John, A , Proe Nat Acad Set , 4 , 193-197 (1918) 

™ Barton, £, F., and Oliver, W F, Prae. Roy Sac (London) (A), 153, 166-172 (1935). 
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does not reacli the normal structure before — 80°C is reached (see Table 

212 ). 

From his own observations, D. M. Dennison inferred a close-packed 
hexagonal lattice consisting of two sets of interpenetrating prisms ; whereas 
W. H. Barnes *’ ®^® concluded from his that the structure is either 
ditrigonal bipyramidal or dihexagonal bipyramidal with 

the probabilities in favor of the latter, and that an ionic structure is to be 
preferred. He proposed the Dn* structure with an H placed at the middle 
of each hne joining a pair of adjacent O’s. He essentially agrees with 
W. H. Bragg,^^® who regards the molecular structure of ice as hexagonal 
and differing from that of diamond simply by the replacement of each C by 
an O, and the insertion of an H between the members of each pair of O’s. 
Such a structure imposes on O a covalence of 4 and on H that of 2 Some 
of the conclusions that flow from the assumption of such covalences have 
been discussed by S. W. Pennycuick.^®® See also T M. Lowry and M. A. 
Vernon, and R de Forcrand.®*® 

On the other hand, E L. Kinsey and O L Sponsler infer a different 
structure from the same observations by W. H. Barnes,^®®’ ’’ one in 
which occur the units H+ and (HgOa)", the latter having the form of a 
double tetrahedron with the O’s at the extremities of the axis. 

W. H Bragg has concluded that the distance between the centers of 
adjacent 0-atoms is 2 76A, between neighboring atoms lying in the same 
plane is 4 52 A, and between consecutive basal planes is 3 67A; and M L 
Huggins,^’® that the radius of the H-atom in ice, defined as “the distance 
from nucleus to valence electron-pair,” is 0 73A 

Reasons have been presented for believing that each O-atom in ice is 
tctrahedrally surrounded by 4 others, and that each H-atom lies on the 
hne connecting 2 adjacent O-atoins, but nearer to one of those atoms than 
to the other. L Pauling '^® gives these distances as 0 95A and 1 81 A ; and 
P C Cross, J. Burnham, and P. A Leighton give them as 0 99A and 
1 77 A. ‘ ■*’ 

That the structure of ice is like that of tridymite was proposed by J. D. 
Bernal and R H. Fowler (see p 174), and seems to be widely accepted. 
But W H Barnes has cautioned against a too hasty or uncritical accep- 
tance of that proposal, doubting if any modification of the structure proposed 
by himself was yet necessary. See also, M. L. Huggins,^®® L Pauling,^®® 
W F Gaitique and J. W. Stout.®®^ 

i"BraRR W II, Proc Phvs Sor (1 andon). 34, 98-103 (1922) 

'« Pemiyciiick. S W , y Phyi’l Chrm , 32, 1681-1696 (1928) 

«* Kinsey, E L, and Sponsler, O. L. Phys Res' (V. 40, 1035-1036 (A) (1932); Proc Phys 
Sne (London), 45, 768-779 (1933) 

>”IIaRgins, M T. , P/nr Kev (2), 21, 205-206 (1921) 

Pauling. I. , y Am Chi-m Sor, SI, 2680-2684 (1935) -* Roliire, 137, 327 (1916) 

1’'’ Cross, P C. Hurnli ml. J, and (.eigliton, P A, y Am Chem ?oc , 59, 1114-1147 (1937) 
MSBernil, J D, .ind Fowler, R H , y Ckem'l Phys, 1, 515-548 (1911) 

Barnes, W H, Trans Roy Sor Canada III (3). 29, 53-59 (1935) 

""Huggins, M t,J Am Chem Soc.SS, 694 (L) (1936); 7 Rhys'! Chem, 40, 723-731 (1936) 
>9iGiauque, W F, and Stout, J W, / Am Chem. Soc , 58, 1144-1150 (1936). 
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61 . Interactiok of Ice and Corpuscular Radiation 

No data liave been found regarding either the absorption of corpuscular 
radiation by ice (range of «-rays, absorption of /5-rays, etc.) or the effect 
of such radiation upon ice (electron emission excited by -I- ions, by electrons, 
etc.) ; but T. H. Johnson has shown that atomic beams (hydrogen) are 
reflected from ice in preferential directions. 

62. Adhesiveness of Ice 

J. W. McBain and D. G Hopkins have reported that the freezing 
of a thm film of water between two plates of fused silica produces a joint 
that is “very strong’’ in shear The freezing was done with solid COj, 
and the test was presumably made at that temperature. 

63 Sliding Friction of Ice 

J. Joly seems to liave been the first to point out that the sHpperiness 
of ice and the “biting” of a skate are to be explained by the melting of ice 
under pressure. As the ice is melted, the curved runner of the skate sinks 
into the ice until the bearing surface becomes of such a size that the load 
is just insufficient to lower the mdting point below the temperature of the 
surroundings. The sinking of the runner gives rise to the “bite,” and the 
layer of water, acting as a lubricant, causes the slipperiness When the ice 
is very cold, the sinking will be slight, and, as is well known, the "bite” is 
poor; then, hollow-grinding is of advantage, as it reduces the area of the 
bearing surface, thus increasing the pressure The same explanation of the 
slipperiness of ice was advanced later by O Reynolds He stated that 
Nansen, “in his book on Greenland,” says that at very low temperatures 
ice completely loses its slipperiness. 

When one solid body slides over another, the coefficient of friction (f) 
and the angle of repose tf> are related as follows to the normal force (L) 
with which one body is pressed against the other and the tangential force 
(F) required to slide one body over the other with a constant velocity 
F = fL, tan 4> = f, where f is independent of L, unless that is so great as to 
distort the surfaces , and ^ is the angle at w'hich the surface of contact must 
be inclined to the horizontal if the upper body, when once started, slides 
with constant velocity, F and L arising solely from the action of gravity. 

Applying the preceding to the friction betw’een ice and aluminum at a 
constant temperature near — 6 5 “C, H Morphy has found two distinct 
values for /. depending upon the load ; the liearing surfaces were small, but 
of unknown area. If the load w'as under 14 3 g*, then / = 0.36 ^ 0.01, 

’"Johmoii T II, Nattirc. 120, 191 (1927) 

'■ McBam, J W , and Ho|>kin<, 1) G., Drpt Srt Ini Rex (Ct Bnt ), "2ni Reiiort Adhesives 
Res Ciini," iip 14-89 (41) (192fi) 

J* Pf'oe Roy, Duhhn Soc 5, 4S3-4S4 (1886) 

"Reynold^. O., ‘^Pa|*e^8 on Meclunica] and Physical Subjects," Vol 2, op 734-738, Cam- 
brldge Univ Presii, 1901.^ "Kent and Proc Mandiester Lit Phn. Soc,** V<n 43, 1899 
Morphy, H, PhU Afaff (6), 2S, t33-13S <1913). 
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<!> about 20°; if the load exceeded 15 g*, f = 0.17 0.01, ijt about 9.5°. 

Within each range, / was independent of the load 

The inverse case, t.c., ice sliding down an inclined plane, has been 
studied by W. Hopkins ; and H. Moseley reported that he had 
repeated Hopkins’s experiments, with many modifications, and had verified 
his conclusions. 

Using a rough-hewn slab of sandstone so mounted that it could be 
rotated about an axis parallel to its plane and perpendicular to the grooves 
made by the tool, Hopkins found that the angle of repose for a block of 
polished marble resting on it was 20°. Ice loaded to a pressure of 150 
lb*/ft® slid down the slab at the following unacrelerated rates : 

Inclination (°) 3 6 9 12 15 

Rate (in/hr) 0 31 0.52 0 96 2 0 2.5 

At an inclination of 20° the motion was accelerated. At an inclination of 
9° the removal of 2/3 of the load reduced the rate by nearly half. Even at 
1° there was a perceptible motion. On a smooth, but unpolished, slab of 
the same kind of stone there was a perceptible motion when Ihe inclination 
was only 40', and on polished marble there was motion at the “smallest 
possible inclination. The motion, in fact, afforded almost as sensitive a 
test of deviation from horizontality as the spirit-level itself.’’ 

In all these cases the ice “melted continuously but very slowly’’ at its 
surface in contact with the slab. He attributed the unaccelerated motion 
“to the circumstance of the lower surface of the ice being in a state of con- 
stant, though slow distintegration.” The water acted as a lubricant. 

When there was no melting, the angle of repose on sandstone was about 
the same for ice as for marble, and about equal to the inclination (20°) for 
the initiation of accelerated motion when there was melting. 

64. Deformability of Ice 

The ways in which the volume and form of a block of ice vary with its 
uniform temperature and with the uniform hydrostatic pressure to which 
it is subjected will be found in Section 67. Such changes in form are slight, 
depending solely upon the anisotropy of the block. 

Changes produced by non-uniform stresses, and the way they vary with 
the temperature, will be considered here. Under such stresses, the form 
of a block may be changed enormously. 

Although a large number of experiments of various kinds bearing upon 
the behavior of ice under non-uniform stresses have been reported, only a 
few of them are of such a kind as to yield numerical data of general applica- 
bility. Others, however, are of much interest, and contribute v^uable 
descriptive information regarding the characteristics of ice. For these 
reasons they deserve a place in such a compilation as this. The experi- 
ments cannot be satisfactorily separated into mutually exclusive groups 

u> Hopkins, W , PM Mae (1). 26, 1-16 (1845). 

»» Mosdey, H , Idem (4), 42, 138-149 (1871). 
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They will be considered under the followihg heads, those yielding no 
numerical data of general applicability being termed descriptive, even 
though many of them contain quantitative data. 


Descriptive treatment 
Linear compression 
Extension 
Flexure 
Punching 
Penetration 
Flowing 
Recovery 
Brittleness 


Quantitabve treatment 
Young’s modulus 
Poisson’s ratio 
Rigidity 

Tensile strength 
Strength, linear compression 
Shearing strength 
Hardness 

Plasticity and viscosity 
Sustaining power 


Whatever other phenomena may be involved, most permanent deforma- 
tions produced in ice by non-uniform stresses involve a melting where the 
stress IS greatj the flowing of the supercooled water thus produced, and the 
refreezmg of that water when its pressure has been reduced — ^all in accord- 
ance with the conclusions reached by J. Thomson i** 

It should be remembered that such melting can occur only when the 
melting point of ice under the stress is lower than the existing temperature 
of the ice, and also, as shown in the second of Thomson’s articles, that when 
the stress is borne by the ice alone such positive melting will occur whatever 
the nature of the stress — pressure, tension, torsion, etc — and the attendant 
lowering of the temperature will lead to the formation elsewhere of 
unstressed ice from the melt, except as such formation is impeded by the 
absence of nuclei suitable for its initiation. See also E Riccke 

On account of such effects, a mass of ice might flow and exhibit plas- 
ticity although Its individual ciystals remained unbroken and perfectly 
elastic 

The early papers treating of melting under pressure and of regelation 
should be read, i c , those already cited and J Thomson,^®® W. Thomson 
(Lord Kelvin), M. Faraday,*®® and the topic Regelation in this volume 
(p 412) should be consulted. 

J Johnston and L. H, Adams *®* have given reasons for believing “that 
every pertmnent deformation of a crystalline aggregate is conditioned by, 
and consequent upon, a real melting,’’ which melting is in general to be 
ascribed to an inequality in the pressures on the liquid and on the solid. 


“•Thomson. J, Trans Roy Soc Edmburah, IS, $7S-SS0 <1S49). Proc Roy Soe f London), 
11, 473-481 (1861) 

'••Ritcke, E, jdnn d Physik (Wicd), M, 731-738 (1895) 

“•Thomson, J, Proc. Roy Soc (London), S, 455-457 (1857), 10, 152-160 (1859), 11, 198- 
204 (1861) 

“Thomson, W (Lord Kdvin), Phi Mag (3), SI, 12J-127 (1850); Proc Roy Soc (Lon- 
don), 9, 14I-I43, 209-213 (1858) 

“Faraday, M, Proc. Roy Soc, (London), tg, 440-450 (1860); "Exp Rea in Chem and 
Phys.," pp 372-374, 377-382, 1859 

“Johnston, J, and Adams, L M , Am / 5cs (4), 35, 205-253 (211) (1913) 
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They accept J. H. Poynting’s conclusion that, when ice is subjected to 
a pressure of P atm more than that to which the water in contact with it is 
subjected, the melting point is lowered by 0 0862P °C, 11.5 times as many 
degrees as it would have been if this additional pressure had been exerted 
upon the water as well as the ice In that paper, Poyntmg gives experi- 
mental evidence that such is the case. Johnston and Adams state that such 
a lowering is accepted by Roozeboom, Ostwald, LeChatelier, and Nemst, 
but not by G. Tammann.^®® Whether, and in how far, such melting 
accounts for the ease with which ice at —11 °C was flowed by G Beilby 
remains to be determined (see p 422). 

Both J Y. Buchanan i®^ and G Quincke *** were of the opinion that the 
mechanical deformation of ice is greatly facilitated, if not conditioned, by 
the presence between the crystals of thin films of liquid (a solution) of low 
melting point. They believed that such films are always present. 

Discussions of the deformability of ice may be found in such treatises 
as those of G. Tammann,*®® H Hess,'®® G Beilby,®® and H. T, Barnes,®®® 
as well as in the scientific journals. 

Descriptive Treatment. 

Linear Compression . — In his abstract of the paper which he presented 
before the Royal Society of London, Dec 17, 1857, J. Tyndall ®® described 
thus the behavior of a cylinder of ice subjected to longitudinal pressure 
The cylinder “was placed between two slabs of boxwood and subjected to a 
gradually increasing pressure. Looked at perpendicular to the axis, cloudy 
lines were observed drawing themselves across the cylinder Looked at 
obliquely, these lines were found to be the sections of dim surfaces which 
traversed the cylinder, and gave it the appearance of a crystal of gypsum 
whose planes of cleavage had been forced out of optical contact by some 
external force. 

“The surfaces were not of plates of air, for they are formed when the 
compressed ice is kept under water They also commence sometimes in the 
center of the mass, and spread gradually on all sides till they finally embrace 
the entire transverse section of the cylinder. A concave mirror was so dis- 
posed that the diffuse light of day was thrown upon the cylinder while 
under pressure. The hazy surfaces produced by the compression of the 
mass were observed to be m a state of intense commotion, which followed 
closely upon the edge of tlie surface as it advanced through the solid It 
is finally shown that these surfaces are due to the liquefaction of the ice in 
planes perpendicular to the pressure 

“‘Poyntmg, J H, Phil Mag (5). 12, 32-4S (1881) 

MB T atnvnnfin , G., Attn, d PHysik (4), 7» 198-224 <1902), "Krystalliaieren und Scbmclzen,” 
pp 173-181, 1903 

^ Beilby, G , “Aggregation and Flow of Scowls,” pp 194-200, 1921 

m Buchanan, J Y, Nature, 3S/ 608-611 (1887), 36, 9-12 (1887) 

Quincke, G, Proc Roy Soc (London) (A), 76, 431-439 (1905) “^Nature, 72, 543-545 (1905). 

Tammann, G , *‘AggregatauBtande,** 1922 

Barnes, H. T, “Ice Forfliatiim,** 1906, “Ice Engineering,’* 1928 
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“The surfaces were always formed with great facility parallel to those 
planes in which the liquid flowers [flowers of ice] already described are 
produced by radiant heat, while it is exceedingly difHcult to obtain them 
perpendicular to those planes. Thus, whether we apply heat or pressure, 
the experiments show that ice melts with peculiar facility in certain direc- 
tions." (Cf. W. Thomson (Lord Kelvin).*®^ 

Whence we may conclude that his description of the appearance and 
the formation of the surfaces applies primarily to cylinders so cut that the 
length is parallel to the optic axis of the ice ; and that, under the action of 
linear compression along the axis, fusion occurs in discrete planes which 
are perpendicular to the axis 

The intense commotion observed by Tyndall is probably related quite 
closely to that reported by Quincke as occurring at the edge of an 
enlarging flower of ice (q.v), and which he attributes to “a periodic capil- 
lary spreading out (Ausbreitung) of the salt solution of the foam-walls at 
the boundary between pure water and air or vacuum,” except that in Tyn- 
dall's experiment a diffusion, rather than a capillary, phenomenon is prob- 
ably involved. 

In 1885, Koch reported that when subjected to a constant pressure 
( 19 kg*/cm*) along its axis a certain qrlinder of ice shortened at the follow- 
ing rates: At -5.7 ®C, 0.9 X 10^ per hr; at -2 5 ®C, 17 x 1(H per hr; 
at —0.9 ®C, 126 X 10^ per hr. The direction of the optic axis is not 
stated, but it was probably parallel to the axis of the cylinder 

Three years later, McConnel and Kidd reported that blocks cut from a 
uniform sheet of ice and subjected to a pressure of 3.7 kg*/cm* perpen- 
dicular to the optic axis appeared to yield at the rate of only 0.1 X 1(H 
per hr, but that even this was probably entirely spurious The tempera- 
ture seems to have been near 0 ®C The observations extended over 4 days. 
Even if this apparent yielding were true, and if the yielding were propor- 
tional to the pressure, these blocks under 19 kg*/cm® would yield only 
0 5 X 10-® per hr, as compared with the 126 X 10-® per hr observed by 
Koch when the pressure was probably parallel to the axis. 

For 3 pieces of glacier ice under a pressure of 3.2 kg*/cm® the yielding 
was 3.5 X 10"®, 5.6 X 10"®, and 0.7 x 10"* per hr, respectively; the optic 
axes of the grains were randomly oriented. Observations extended over 
5 da}rs. 

Similar observations have been reported by von Engeln.®®® 

Extension — ^The presence of numerous crevasses in every glacier, and 
the suddenness with which they are frequently formed, led students of 
gladers to conclude that ice can yield to tension only elastically or by frac- 

Thomson, W (I^ord Kvlvinl, Free Rov Sac. (London), 9, I41-I43, 209-213 (1858) 

Yo"®“ Ap“c?ra"co,‘T872^""“ ^ Ne* 

*• Koch, K S , Ann d. Phynk (Wted ), 25, 438-450 (1885) 

■MUeConad, J C., uid Kidd, D A.. Proc Key Sec (London), 44, 331-367 (1888) 

■•tob Engdn, O D , ,4m / Sei. (4), 48^ 449-473 (1915). 
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ture ; and this, in turn, gave rise to many experimental investigations of the 
behavior of ice under tension. 

Observations of Pfaif®®* and the more extended ones of Fabian®®'' 
showed that ice yields progressively when subjected to a continuing, 
constant tension. Main®®® stated: "Ice subjected to tension stretches 
continuously by amounts which depend on the temperature and the tensile 
stress. 'When the stress is great and the temperature not very low, there 
are extensions amounting to 1 per cent of the length per day. So contin- 
uous and definite is the extension that it can even be measured from hour 
to hour. These extensions took place at temperatures which preclude the 
possibility of melting and regelation. The extension increases continuously 
with all stresses above 1 kilo per square cm, and at all temperatures between 
— 6°C and freezing.” He, and also Fabian, used bars of ice which had 
been frozen in a mold, and which, therefore, were probably conglomerates 
of crystals very variously oriented. 

McConnel and Kidd®®® observed that not only the rate, but even the 
existence, of a progressive elongation depends upon the structure of the ice. 
They carried out extensive experiments on the stretching of bars cut in 
specified orientations from uniform sheets of ice. (By a uniform sheet is 
meant one in which the optic axis has the same direction at every point. 
They speak of using single crystals, but their report contains nothing to 
indicate that their crystallographic tests sufficed to distinguish between a 
single crystal and a homogeneous sheet containing many crystals similarly 
oriented as regards their optic axes. Cf. Mugge.) The work was extended 
by experiments on the bending of bars, by McConnel ®® and by Mugge ®^ 
(P-434). 

They found that when the optic axis is perpendicular to the line of ten- 
sion there is no measurable progressive stretching even when the stress has 
half the breaking value and the temperature is near 0 ®C. But if the optic 
axis is inclined 45° to the line of tension there is a marked progressive 
stretching There seem to have been no measurements on bars in which 
the optic axis is parallel to the line of tension Bars of glacier ice, grains 
varying in diameter from 2 mm to 30 or 100 mm, stretched rapidly, as did 
mechanically molded ice of which the structure was surely very irreg[ular. 
“The change in the rate of extension produced by an alteration in the 
tension, was in every case altogether out of proportion to the magnitude of 
the latter.” 

They found that an icicle, which "is an example of ice formed of very 
minute crystals irregularly arranged,” (cf. p. 417, Icicles) stretched very 
slowly indeed. They were loath to ascribe the slow stretching to the multi- 
crystalline structure, but later experiments by McConnel ®®* convinced him 

•"■Pfat F, Ann i Physik (Pogg ), 155, 169-174 (1875), Sits-ber phyi -med Soc. Erlangen, 
7, 72-77 (1875) 

•n Fabian. O, Rep Ext -Phveik (Carre). U, 447-457 (1877) from Site -Ber Krakauer Akad. 
IVut. (Math.-lfat Kl ). b >«•»»". ■ 

•mMaitt, J. F., Free Roy. See London, 42, 329-330, 491-501 (1887) 

■■McConnd, J. C, Frov Roy Soe London, 49, 323-343, Exp 8 (1891) 



434 


PROPERTIES OF ORDINARY WATER-SUBSTANCE 


that the presence of intercrystalHne faces does hinder plastic flow “by fetter- 
ing the sliding of the layers in the separate crystals ” 

Flexure . — ^Reusch reported, in 1864, that he had given a thin strip of 
ice a permanent set by bending it carefully by hand; and that a bar of 
ice, 10 by 1.2 cm by 03 cm thick, suspended horizontally by two slings 
8 cm apart, and loaded in the middle with 180 grams, became visibly bent 
in 20 to 30 minutes, and the depression of its middle section increased to 
6 or 8 mm before the bar broke The temperature of the room was a few 
degrees above 0 “C, and the length and the breadth of the bar were probably 
parallel to the plane of freezing ; that is, the optic axis was probably vertical. 

Since then, many experiments have been made upon the progressive 
bending of bars of ice supported horizontally on narrow blocks near their 
ends, and loaded midway between the blocks 

From such experiments, Pfaff concluded that near its melting point 
ice behaves like wax, the continued application of a force, no matter how 
small, producing a permanent deformation Nothing is said regarding the 
direction of the optic axis, but it was probably vertical. 

McConnel and Kidd seem to have been the first to study the behavior 
of bars cut fiom ice of known uniform structure and in a specified direction 
with reference to the crystalline axes 

From their observations, and from other observations on bending, made 
by himself, McConnel conclude<l tliat “a crystal [of ice] behaves as if it 
were built up of an infinite number of indefinitely thin sheets of paper 
fastened together with some viscous substance which allows them to slide 
over each other with considerable difficulty , the sheets are perfectly inexten- 
sible and perfectly flexible Initially they are plane and perpendicular to 
the optic axis ; and when by the sliding motion they become bent, the optic 
axis at any point is still normal to the sheet at that point. Thus, when a 
bar with the optic axis transverse to its length is placed so that the axis is 
horizontal, and the sheets of paper consequently vertical and longitudinal, 
it refuses to take any plastic bend, however long the weight be applied If 
the bar be now turned over, so that the sheets of paper are horizontal, quite 
a short interval suffices to produce a decided permanent depression of the 
middle of the bar.” 

Similar experiments by Mugge,“ Tammann.**®- and Tammann and 
Salgc-*® confirmed and complemcntetl McConnell’s conclusions As a 
result it may be stated that when the optic axis is horizontal and perpen- 
dicular to the length of the bar no permanent bend is produced, however 
long the load is applied But if the same rod is rotated about its length 
so tliat the optic axis is vertical, a very short interval suffices to produce a 
decided permanent depression (McConnel, Miigge). If the bar is placed 
midway between these two positions, so that the optic axis, perpendicular 
to the length, is inclined 45° to the vertical, and the ends are so clamped 
that they cannot rotate about the longitudinal axis, then the application 

RfUKh, E, Ann d Phvnk (Pogg ), in, S73-578 (1864> 

“•Tammann, G, and Saiga, W, Ncuet Jakrb Mtntnl , Geol , Beilage Bd, S7A, 117-130 (1928) 
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of the load causes the portion between the supports to bend and to rotate 
about the longitudinal axis in such direction as to place the optic axis more 
nearly vertical (Mugge). In all these cases the optic axis at any point of 
the deformed bar occupies the same position in the transverse section of 
the bar as it did before the bar was deformed. 

“When the optic axis was longitudinal, the bar bent indeed, but not very 
readily, and the general behaviour was more obscure" (McConnel). This 
case involves a punching effect (see below). 

By experiments on a rod cut from ice in which the planes of freezing 
were inclined to the optic axis by 50°, McConnel (Experiment 14) 
showed that the phenomena just described are indeed related to the direc- 
tion of the optic axis, and not to that of the planes of freezing. He con- 
cludes (Experiment 8) that the presence of interfaces between crystals 
hinders plastic flow “by fettering the sliding of the layers in the separate 
crystals.” 

Although somewhat differently pictured by him, Mugge's observations 
indicate that the sheets imagined by McConnel are permanently deformable 
without cliange in area, the permanence of the deformation being, perhaps, 
imposed by the “viscous substance” that binds the sheets together, rather 
than by the nature of the sheets themselves. 

More recent, but apparently less extensive, work by M Matsuyama 
confirms in the mam those observations of McConnel and of Mugge upon 
which It touches, but Matsuyama concludes that the bending of sudi rods 
depends upon the relative displacements of the individual crystals rather 
than upon the distortions of the crystals themselves. 

Such a picture of the structure of an ice crystal as was proposed by 
McConnel and extended by Mugge, supplemented by Tyndall’s observation 
(1858)®" that compression along the optic axis causes liquefaction in planes 
perpendicular to the axis, is of great v^ue in any attempt to interpret obser- 
vations having to do with the deformation of ice. (.See also M. Faraday 
and J. Thompson.*^^) 

Punching — ( Sec also Shearing strength, p 449) O Mugge observed 
that when a bar of ice, cut with its length parallel to the optic axis, is sup- 
ported horizontally on two blocks and most of the portion between the 
blocks is loaded uniformly by means of weights suspended from a stirrup 
resting on the top of the bar and nearly as broad as the distance between 
the blocks, then the portion directly under the stirrup is gradually forced 
downward without change in the direction of its optic axis. It is, in effect, 
punched from the bar The entire periphery of the punched out portion is 
frequently marked by horizontal lines, but the ice remains perfectly clear, 
and exhibits no sign of cracks nor of optical anomalies due to strain. How- 
ever the bar was rotated about the optic axis, no significant difference in 
the ease with which it can be punched was found ; neither did a change in 
temperature from —3° to — 16°C produce any marked effect. 

noa Matsuyama, M, J Geol , 28, 607-631 (1920) 

Thomson, J, Proc, Roy Soe London, 11^ 198-204 (1861). 
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There seems to be a minimum toad below which punchit^; does not 
occur. In one case a 5 kg* load produced no observable effect in 24 hrs, 
but when the load was increased to 7 kg*, the deformation was rapid. 

When the length of the bar is perpendicular to the optic axis there is no 
such punching, however the axis may be oriented in the vertical plane. 

When a portion is so punched from a bar whose length is parallel to the 
direction of the optic axis, the extent to which the ice has been punched 
from its initial position decreases progressively as one passes from either 
edge of the stirrup to the neighboring supporting block. Except possibly 
in extreme cases, the optic axis in these portions also remains horizontal. 
These lateral portions are marked by a series of faulting planes. 

G. Tammann and W. Salge,*“ using a narrow stirrup to transmit the 
transverse punching force, have found that a longitudinal pressure of a few 
kilograms per cm^ parallel to the optic axis may increase the number of 
these faulting planes some ten-fold if the temperature is — 1 “C, but causes 
essentially no change in the number if the temperature is as low as — 6 ®C. 
If s is the punching force that must be applied in order to cause these 
planes to appear, to initiate a true punching, then at a fixed temperature, 
|ogio(*oA) = bp, p being the axially directed pressure , b is positive,* an 
increase in p producing a decrease in s. The value of zo depends upon 
instrumental details as well as upon the temperature For certain con- 
ditions, they found the following values, the unit of z being 1 kg*, of p being 

1 kg*/cm* : # = - 1 ®C, = 1.5, 6 = 0 52 ; t = - 6 °C, xto = 2.2, b = 

0.34; f = — 12 °C, zo = 2.8, b = 0.11. These values indicate that both 
ao and b are linear in t; sq = 1.4(1 — 0.086f), b = 0 56(1 + 0.066t). 
The lower the temperature the greater is the force required to initiate 
punching and the less is the effect of axially directed pressure. 

Penetration — If a solid object, such as a metal rod, tube, or ball, is 
pressed normally against a surface of ice, the pressure being maintained 
rantinuously, it gradually sinks into the ice, and the immediately surround- 
ing ice rises in the form of a hillock. The rate at which a given object 
sinks under the action of a fixed pressure decreases as the temperature is 
reduced. Thus Pfaff reports a case in wliich the object sank 3 mm in 

2 hrs when the temperature was between —1 and 0 "C, 1.25 mm in 12 hrs 
when —4 to —3 °C, and, with 2 5 times that load, sank only 1 mm in 5 days 
when the temperature was between -6 and -12 °C. Somewhat similar 
observations have been rqiorted by T. Andrews.®*® 

If the force upon the object is inclined to the surface, the ice rises in a 
hillock in front of the object (Bianconi ®*»). In all these cases, large blocks 
of ice were used, and the pressure was probably normal to the surface of 
freezing, and therefore, parallel to the optic axis, though there is in the 

* The logarithmic expression given in their paper seems to be affected by a typo- 
graphic error, as it requires this 6 to be negative, which conflicts with their deputed 
values. 

■“Andrews, T., Proc, Roy Soc London, 40, 544-549 (1886) 

■“Bianconi, J J, Compt rend, 92, 1193-1194 (1876). 
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papers nothing to indicate the direction. Andrews described his data for 
the rates of penetration at various temperatures as measures of the hard- 
ness at these temperatures, and as such they have been quoted, though the 
property they measure differs from all those commonly classed under that 
term. 

J. T. Bottomley’s experiments,**^ in which a loaded block of ice passed 
through a horizontal sheet of wire gauze, and a loaded wire cut through 
a block of ice, without in either case permanently damaging the block, are 
illustrations of both penetration and regelation (p. 412). Bottomley 
explained them correctly on the theoretical considerations of J. Thom- 
son.*®® The pressure of the wire causes the ice to melt, chilling the wire, 
the water, and the contiguous ice; the water flows around the wire, thus 
becoming relieved of stress, and freezes ; the heat liberated by the freezing 
warms the wire, and that the adjacent ice, replacing the heat abstracted by 
the previous melting, thus preparing the way for a repetition of the process. 
As shown by Bottomley, the process becomes exceedingly slow — evanescent 
— if the cold water is drained off before freezing, or if the wire be replaced 
by a cord. In the first case, the wire is deprived of the heat liberated by the 
refreezing of the water, and therefore it and the adjacent ice soon become 
chilled to the temperature corresponding to the melting point of ice under 
the existing stress ; then the melting ceases except as heat is conducted along 
the wire from the surroundings. In the second case, the cord, a poor con- 
ductor of heat, is warmed by the freezing water only on its upper side, and 
its lower side and the adjacent ice soon become so cool that melting ceases. 
G. S. Turpin and A W. Warrington **® repeated Bottomley’s experiments, 
arriving at the same conclusions They explain Pfaff’s observations at 
temperatures above — 1 °C in a similar manner 

See also H Hess *<>«• » **-*®- **® 

Flowing — An aggreg^ation of irregular blocks of ice may be welded 
together by pressure into an apparently uniform mass, and ice may be made 
to flow through small openings and tubes. 

The phenomena considered by J Thomson (p. 4.30), i.e , fusion undtf 
stress, flow of the melt, and regelation, are contributing factors in rnost, if 
not in all, and the controlling factors in many, of the laboratory experiments 
that demonstrate the flowing of ice (see also J Thomson ***). But there are 
other factors that need to be considered, which may in extreme cases 
become of prime importance, especially when the mass of ice is great and 
its temperature is low. 

Using crystals of NaCl in their saturated aqueous solution, J Thom- 
son *** demonstrated experimentally the welding and molding of crystals 
by stresses borne by them but not by the adjacent (saturated) liquid. 

O. D. von Engeln *** has reported the following observations on the 

Bottomley, J T, Nature, %f 18S (1872) v 

an Turpin, G S, and Warrington, A W, Pkd Waff (5), 18* 120-123 (1884) 

««He88, H, Ann d Phyttk (4), 38* 449-492 (1911). 
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welding of ice by pressure. Into a copper cylinder 4 in. in diameter and 
12 in. high, with walls 1/16 in. thick, he placed a rough-hewn plug of pond- 
ice with the component crystals parallel to the length of the cylinder. The 
space between the plug and the cylinder was filled with water, and the 
water was frozen, thus filling the cylinder with solid ice A longitudinal 
pressure of 500 Ib^/in*, carried in part by the copper cylinder, was applied 
for several hours , the pressure was then increased to 720 lb*/in®, and was 
maintained over night, the next morning it was increased to 750 and at 
4 P M to 1400 Ib^/in®, which was left on for 36 hrs. Then, at 20 °F 
( — 6.7°C), the highest temperature reached during the test, the lowest 
being —4 °F ( — 20 °C), the pressure was relieved, the cylinder was gently 
warmed, and the core of ice was slipped out There had been no distortion 
of the metal cylinder The core of ice was “of crystal clearness and homo- 
geneous, showing no line of separation to mark the juncture of the rough- 
hewn prism of pond ice and the water frozen around it. The most striking 
result, however, was the fact that the tee mass had been completely recrystal- 
heed. The original pond-ice core was inserted with principal axes parallel 
to the pressure direction, the new crystals extended across the cylinder with 
their principal (and longer) axes at right angles to the pressure direction.” 
They extended “straight across the cylinder instead of radially inward as 
might have been expected by analogy to the structure of cakes of can-frozen 
artificial ice.” 

The crystals were elongated and their terminals were wedge-shaped, 
thus contrasting sharply with glacier grains He thought that the difference 
was due “to the fact that the conditions of our experiment permitted of no 
movement in the ice mass involved ” In other experiments, differing from 
the preceding principally in the use of a softer metal cylinder, of cracked 
ice or snow with the crevices sometimes filled with water and frozen, some- 
times not, and of a piston fitting into the cylinder so that the entire pressure 
was borne by the ice, the cylinders w'ere distorted, allowing portions of the 
ice mass to move In these experiments also there was a complete recrystal- 
hzation, but the structure was granular, and the grains were “variously 
oriented crystallographically.” (Such variously oriented grains had been 
previously reported by A v Ohermayer 

Whence he concluded “that a granular ice can be developed from snow 
by pressure with accompanying movement and at air temperatures elimi- 
nating the possibility of pressure melting and regelation.” The pressures 
required are near those at which a cube of ice yields when not supported 
laterally 

The flowing of ice from a large mass through a small opening or tube 
is merely a special aspect of the penetration experiments of Pfaff,®“« Bian- 
coni,®^* and Andrews,®'- and is illustrated on a grand scale by the flowing 
of a glacier through a valley of varying w'idth 

The early tendency to attribute such flowing solely to the low'ering of 
the melting-point by -pressure, and the subsequent regelation when the 
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pressure was reduced, led to a vaguely held idea tliat the flow is actually 
that of a liquid, the portion of the ice under pressure being actually lique- 
fied. This was thoroughly disproved by R. W. Wood who showed by 
direct experiments that leaden balls embedded in the upper portion of a 
block of ice remain there even when the block is subjected to a continuously 
increasing pressure up to 7, 12, and finally 40 tons* per sq in. at the 
highest pressure, water squirted through the pores of the iron cylinder con- 
taining the ice. He also showed tliat general liquefaction should not have 
been expected, for, when ice is imtially in equilibrium, the application of 
pressure causes thawing throughout the entire volume of the ice. That 
abstracts heat, and proceeds only until the entire mass has been reduced 
to the melting point that corresponds to the applied pressure. This reduced 
temperature will facilitate the flow of heat from the surroundings into the 
ice, and will thus facilitate thermal melting, whicli will be added to that 
caused by the pressure. All the water so formed is subjected to the pres- 
sure, and will escape through all available channels, leaving the bulk of the 
ice almost as solid as before the pressure was applied. Not only is the 
resulting water distributed throughout the entire volume of the ice, but the 
fraction of the ice melted by the direct effect of the pressure is actually 
small. For example, if the initial temperature of the ice were 0 °C and no 
heat were allowed either to enter or to leave it, then under a pressure of 
7 short-tons*/sq. in. the temperature would fall to — 8 5 "C and less than 
6 per cent of the original ice would melt, at IS short-tons*/sq. in. the 
temperature would be — 22 °C, less than 1/6 of the ice would be melted, 
and the system would be at the triple point (water, ice-I, ice-III) , a further 
increase m pressure would cause freezing and a rise in temperature (see 
Sections 92 and 93). Some years after this work of Wood’s, Sir James 
Dewar performed the same experiment with lead shot embedded in ice, 
and obtained the same result They did not sink at all, but were very 
irregularly distorted He worked at — 80°C and used a pressure of 100 
tons*/sq in t (15,000 atm J, believing that the melting-point would by 
that pressure be reduced to —80 °C. We now know (Sections 92 and 93) 
that at that temperature and pressure ice exists in the form of ice- VI, not 
of ice-I, nor of water. (See also Section 93, Fig 13 ) 

Wood was interested m adiabatic melting, in distingui.shing between 
“thermo-molten” and “pressure-molten” ice, and approximately obtained 
that condition, there being no way in which the apparatus could obtain heat 
except from the surrounding air. He comments on its intense cooling It 
is probable that the temperature dropped approximately as has been indi- 
cated, and that the fraction of the ice that was actually molten was, as he 
stated and as the position of the balls indicated, very small. 

t These seem to be the short tons (2000 lbs*). 

tLong ton of 2240 lbs.* 

Dewar, Sir James, Chein, News, 9i, 216'219 (1905) Roy Inst Gt Bnt , 17, 418* 

426 (1903). 
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On the other liand. Dewar endeavored to keep the ice at —80 °C by 
embedding that part of his apparatus in solid CO 2 ; at that temperature, as 
we now Imow, the liquid phase does not exist at any pressure. There is no 
reason for expecting the shot to sink. 

In contrast to Wood and Dewar, A. Mousson“® had previously per- 
formed a similar experiment under approximately isothermal conditions 
and at such a temperature ( — 18 to —21 °C) that, as we now know, the 
hquid phase does exist at certain pressures lower than the maximum 
(cfl. 13,000 atm) reached by him. Under such isothermal conditions, the 
amount of melting is not limited in the manner considered by Wood, and 
it is to be expected that during a portion of the process the entire mass of 
ice will be molten, and that the metal object (in this case a rod of copper) 
will then fall to the bottom. That he observed By far the greater portion 
of the ice was, of course, melted by heat drawn from the surrounding freez- 
ing mixture, the true pressure-melting being small , the pressure conditioned, 
rather than caused, the complete melting. Similar experiments have been 
reported by J. B. Boussingault.®“ 

If an outlet is provided for the molten ice, it will flow toward it, and 
will progressively freeze as the pressure on it decreases, the fraction that 
freezes depending upon the conditions. 

Thus there arises a spurious flowing of the ice, in which ice is melted at 
one point, and the resulting water flows to another, where it is refrozen. Such 
spurious flowing is always to be expected, but the line of advance of the ice 
so formed — ^the birthplace of that ice — is limited to those surfaces at which 
there is a steep gradient of pressure. 

In addition to this, there is a true flowing in which a solid mass of ice 
undergoes changes in shape. This is shown by the manner in which 
embedded bodies and superficial landmarks (stakes, rocks, etc.) are carried 
along by glaciers, and by the flow of ice, under pressure, through contract- 
ing conical nozzles, and possibly by the corresponding flow through small 
apertures. 

R. W. Wood found that at a pressure of 3 tons*/sq. in. ice began 
to flow through a lateral hole (1/12 in in diameter) in his compression 
chamber. It flowed slowly and steadily as a clear cylinder of ice, which 
broke off when 6 or 8 inches long. At 4.5 tons*/sq. in , “it seemed fairly 
to spurt from the orifice” ; it flowed irregularly, sticking for a second or 
two and then yielding suddenly. The temperature was about 0 °C. 

Sir James Dewar has stated that near 0 °C ice can easily be extruded 
in the form of a wire of clear, transparent ice; at —80 ®C such flow still 
occurred, but “the ice wire was now made up of what looked like a set of 
disc-like scales” ; at a temperature near that of liquid air, “no pressure the 


•" Monison, A , Amm. i Pkyttk (Pom ), lOS, 161-174 (1858). 

BouuinKauIt, J. B . Compt. rtnd . Ti, 77-79 (1871)«-.4im dt ehtm et phys. (i), 86, 544- 
547 (1872)-»^iiii. d. Pkystk (Pogg ), 144, 526-J29 (1871) i 
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apparatus would stand caused any flow, but only interunttent explosive 
ejections.” 

A similar experiment in which ice was forced to flow through a lateral 
tube 3/4 in, (1.9 cm) in diameter has been reported by O. D. von Engeln.”* 
At a temperature of 22 °F (—55 ®C), cracked ice was put in a pressure 
cylinder and by means of a closely flttmg piston, a pressure of 3400 
(239 kg*/cm®) was applied at 5 P.M. During the night the temperature 
fell to 4 “F (-1S.S °C), but rose to 14 “F (-10 “C) by 10: 30 A.M., at 
which time the pressure had fallen to 3000 lb*/in" (211 kg*/cm^) and the 
extruded core of solid ice was 3 in. (7.6 cm) long, at 4:30 P.M. the core 
was 5i in. (14 cm) long, and the temperature was 29 “F ( — 1.7 °C). The 
temperature remained approximately that until 10 A.M., when the core 
was 14 in. (35.5 cm) long. The extruded rod was "perfectly clear, glassy 
and compact,” even at the lowest temperature ; the individual crystals were 
variously oriented; “shear lines and breccia bands could be identified but 
there were some apparently real crystal boundaries.” 

In 1902, H. Hess forced ice from a cylinder through an attached 
conical nozzle, and measured the rate of advance of the piston acting upon 
the ice. In those experiments, essentially the entire flow was through the 
nozzle. He found there was no flow unless the pressure exceeded a certain 
value (pmin) depending upon the temperature and upon the ratio of the 
area of the emerging cylinder of ice to that of the initial cylinder At 0 ®C, 
he found the following values for (ratio, ^min) : (1/9, 345), (1/6,3, 230), 
(1/3.1, 100), and (1/1.67, 30), the products of ratio times being 38, 
36, 32, and 18. The values of (t, />„,„) for the fixed ratio 1/6 3 were 
(0, 230), ( — 3 to —5, 250), and ( — 10, 270). In both cases the unit of 
/> IS 1 kg*/cm®. 

When the pressure is kept constant, the rate of flow increases progres- 
sively ; and after a rate of flow has been established, a reduced pressure will 
maintain it. This is explained by H. Hess *** as due to the lubricating 
action of the water produced by the melting caused by the pressure. 

Phenomena attending the flow of ice through apertures, and the flow of 
glaciers, have been studied and discussed by A. v. Obermayer®®® also. 

A type of experiment that is intermediate between the simple experi- 
ments on penetration and those on the flow of ice through conical nozzles 
is that in which the ice is enclosed m a cylinder having a diameter greater 
than that of the piston to be forced into the ice. Under such conditions 
the piston can advance only as the ice is compressed or as an equivalent 
volume of ice (or water) is transferred through the gap between the piston 
and the walls of the cylinder. An interesting experiment in which the gap 
is wide is described by Hess 

In such experiments, G. Tammann,®*® employing small gaps, found 
that, for any given temperature and pressure, the rate of advance of the 

***Hcss, H., Ann. d Phynk (t), B, 405-431 (1902). See also, "Die Gletaclier,” pp. 28-31, and 
Ann d PhytJt (4), 36, 449-492 (1911). 

"Hera, H.. Ann d. Phytik (4) 36, 449-492 (1911). 
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piston is normal unless the pressure is at least essentially as great as that 
(^m) at which ice melts at the given temperature. An increase in temper- 
ature or in pressure increases the rate ; and as the gradually increased pres- 
sure passes through pm, the rate changes abruptly from a small value to a 
very much greater one. The rates observed for a given apparatus are 
shown in Table 189. In a later paper he represents these data by the 
formula logior = k(p — po), where r is the rate of advance of the piston. 
P is the applied pressure, and k and pn are constants for a given temperature 
and apparatus. Actually, the choice of the values to be assigned to k and 
to po involves quite an element of judgment, and those chosen satisfy only 
those observations for which the tabulated value of r exceeds unity. Values 
of k and po are given at the bottom of Table 189. Similar experiments have 
been described by N. Slatowratsky and G Tammann.^^® 


Table 189. — Flow of Ice through an Annular Gap 

r = rate of advance of the piston into a cylinder of slightly greater 
diameter; pressure on the piston = p kg*/cm®, temperature = t °C. For 
a given p and t, r is normal if /> < ; at P = pt the rate was too great for 

measurement , pm is the hydrostatic pressure at which ice-I melts at t°C. 
G. Tammann and W. Salge represent these data by the formula logior = 
k{p — po), where k and po have the values here given. (See text.) 


Unit of ^ 1 kg*/cm*, of r 0004538 cm/min ■ 4 538 ^/mtn 


t-* 

A 

-S 7 

-10 7 

-IS 7 

-21 7 

F 





100 

09 

003 

— 

— 

200 

4 1 

03 

— 

— 

300 

11 8 

200 

0 1 

— 

400 

22 5 

4.1 

03 

0 15 

500 

49 5 

8.3 

1.5 

0.3 

600 

95.0 

190 

5 1 

0 5 

700 

— 

34 

12 6 

2 5 

800 

— 

60 

2 .0 

70 

900 

— 

101 

— 

13 5 

1000 

— 

170 

— 

20 5 

1100 

— 

— 

— 

30 

1200 

— 

— 

— 

53 

1300 

— 

— 

— 

65 

Pn 

642 

1116 

1729 

2000 

Pi 

665 

1130 

1787 

2100 

pm 

678 

1225 

1681 

2170 

Wk 

35 

29 

34 

20 

po 

10 

190 

390 

360 


In reference to the flowing of glaaers, R M. Deeley and P. H Parr“® 
remark : “We have seen that glaaer ice consists of crystal granules which 
not only shear freely along planes at right angles to the optic axis, but also 
undergo changes at their bounding surfaces which enable the mass to suffer 

** Slatowratakjr* N, and Tammann, G, Z phyjik Chcm , S3p 341-348 (1905) 
w Deeley, R M , and Parr, P H, Pkii Map (6), 2$, 85-111 (1913) 
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continuous distortion under stress. The ability of glacier ice to spread 
out into piedmonts whose upper surfaces are very nearly level also shows 
that such shear may take place under very small stresses.” 

M. Matsuyama has expressed the opinion that in the distortion of 
ice composed of parallel crystals the surfaces between adjacent crystals 
play a more important role than the gliding planes perpendicular to the 
optic axis. 

The hillock formed around an object forced into a block of ice in simple 
experiments on penetration, that formed ahead of a loaded object pushed 
along a surface of ice (Bianconi and the spreading that sometimes 
occurs at the loaded section when a horizontal bar of ice supported at its 
ends IS loaded in the middle, are all special cases of flowing. The last, the 
spreading of the bar, occurs only when the optic axis is transverse to the 
length of the bar, and the load is at least of the order of 12 kg*/cni® (half 
the crushing load) See Hess 

Recovery from stress — ^When ice is relieved from stress, it partially 
returns to its unstressed form and size, provided that the stress has been 
neither excessive nor too long-continued. Part of the recovery is imme- 
diate, and part is progressive It is the latter, the so-called elastic after- 
effect, and especially as it relates to nonuniforra stress, that forms the sub- 
ject of this section This progressive recovery has been noticed by many. 

K. R. Koch*®** has given a few data showing the magnitude and the 
slowness of the recovery, which indicate that the lower the temperature, 
the greater is the amount of the progressive recovery, and the longer it 
takes. For an experiment at —12 5 to — 15°C he records, in arbitrary 
units, immediate recovery = 12 5, total recovery in 25 min 25 sec = 48 0, 
followed by an additional recovery of 10 in the next 10 hr 11 min. The 
total recovery was over 46 times the immediate recovery, and required 
hours 

In another experiment at — 1 5 ”0 he records : Immediate recovery = 
30, total in 5 mm 15 sec = 41 8, no change in the next minute. Here, the 
total was only 1 4 times the immediate, and required only 5 min. 

In his study of the bending of bars, J. C. McConnel gave special 
attention to recovery from strain He wrote : “In several cases .... after 
a heavy weight was removed, a slight gradual unbending of the bar took 
place At first I thought this a mere consequence of the irregular elastic 
strains on the bar, the parts most severely strained gradually bending back 
the rest But the magnitude of the recovery seems, on closer examination, 
to put this explanation out of the question, and I have now little doubt that 
it is a true molecular effect .... I conclude, then, that we have to deal with 

==”Hess. H, “Die Gletacher,” p 21, Ann d Phynk (1), S, 405-431 (1902). 

•“v Obermayer, A, Stttb Akad lyiis IVten I2aj, 113, 511-566 (1904). 

•» Tammann, G , Ann d Phynk (4). 7, 198-224 (1902) 

•«Kocb, K R, Ann d Phynk (Wted ), 25, 438-450 (1885) 

McConnel, J C., Proc Roy Soc, (London), 19, 323-343 (1891). 
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a real tendency of the forcibly displaced sliding layers to slide back. The 
rate of recovery, rapid at first, soon falls off.” 

M. Matsuyama^*®* has given certain data for the recovery of rods of 
ice from torsion about the axis of the rod, but information concerning the 
time allowed for that recovery seems to be lacking. 

Brittleness . — E Reusch®®®* observed that brilliant cracks, like those 
produced in glass by means of a diamond, can be produced in ice by press- 
ing upon it with a convex knife-blade ; and that these cracks can be formed 
even when the ice is in a warm room, and consequently, is covered with a 
layer of water. This indicates that ice is brittle even when near its melting 
point. G. Tammann and W. Muller ®®® have stated that at 0 °C ice is as 
brittle as is rock salt when 700 ®C below its own melting point. 

Nevertheless, ice yields progressively to the action of differential stresses 
even when below its melting point. It is both plastic and brittle. 

In speaking of the work of E. Brown,®®* H. T. Barnes says that ice 
splinters considerably when sawed at temperatures near 0 “F ( — 17 8 ®C), 
but it can be sawed at 30 ®F ( — 1.1 °C) with comparatively little diffi- 
culty.®*® 

Quantitative Treatment. 

Young’s modulus — The determination of the value of Young’s modulus 
of elasticity (E) of ice by the usual static methods is rendered very difficult 
by the progressive yielding of ice to stress, and by its partial progressive 
recovery (elastic after-effect) when the stress is removed Indeed, it is 
questionable whether significantly useful values can be obtained by such 
methods (see Boyle and Sproule, 1931). Nevertheless, most of the values 
commonly cited have been so derived, and are given in the last two sections 
of Table 190, as a matter of historical interest. 

On the other hand, the dynamic methods based upon the velocity of 
propagation of high-frequency vibrations lead to values of E that are 
unaffected by the progressive yielding (see Boyle and Sproule, 1931). They 
alone deserve serious consideration. 

Values obtained by the static method exhibit wide variations, and have 
been interpreted as indicating that the value of E depends upon the angle 
between the stress and the optic axis This has not been borne out by the 
results obtained by the dynamic method, which indicate that values of E 
found for specimens that are nominally identical may differ by some 10 to 
15 per cent, and that the observed variations with the orientation of the 
optic axis are of about the same magnitude. That is, there is no certain 
dependence of E upon the orientation of the crystal. 

The observations of Trowbridge and McRae (1885), and some of those 
of Hess f 1902, 1904) indicate that, when the apparent value of E is derived 
from the InMiding of a loaded horizontal bar, the planes of freezing being 

Tammann, G, and Mnllcr* W, Z anorff ^iheni Chem , 224| 194-212 (1935) 

*"* Brown, E , Rep Joint Board Enir for St. Lawrence River 

Barnes, H. T., “Ice Engineering/' p. 224, 1928 
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Table 190. — Young’s Modulus of Ice 


The most accurate values are tliose of Boyle and Sproule, of which the 
individual determinations in any given case lie within a range of 3 5 per cent 
after correction has been made for differences in the temperatures ; different 
specimens, nominally identical, occasionally differed by 15 per cent. They 
used longitudinal vibrations of frequendes between 7 and 13 kilocycles/sec. 

Values obtained by the static method are unreliable (see text) and 
mainly of historical interest. 

0 = angle between the length of the specimen and tlie normal to the 
surface of freezing ; E = Young’s modulus ; I = length of the specimen, 
w = width, T = thickness in direction of application of the load ; Op. Ax. = 
optical axis. 

Unit of B — 1 1424 1 megadyne/cm* Temp — 

1 Dynamic method Longitudinal vibrations except as noted 



Boyle and Sproule", B 
-9 -10 

-0" 

-30 

-35 

E 

947 967 

1040 

1110 

Ec 

954 960 

1060 

1090 


.E, = 909(1 -0 005S8/) 


Miscellaneous values, 6 = 90°. 


Boyle and Sproule*; I — — 26 °C 
* 0“ 4S" 90“ 


R 970 900 990‘ 

£ 94S« 

1040 


Vibration Longitudinal — Trans ■ ■■■ v 


1 

-26 

-26 

-6 

-4 

-7 

0(?) 

R 

990 

945“ 

880 

960 

884 

236 

Ref- 

BS 

BS 

TMcR 

RS 

K8S 

R 


? 

TIO"* 

Ko 


II. Static method Bending of loaded horizontal bars 


Sheet ice 

Unless another direction is indicated, the load is applied perpendicular 
to the surface of freezing, if 6 = 90°. (From the data given on p. 611 of 
Matsuyama’s article it may be seen that the unit he used and called the 
"eg s ’’ unit IS actually 1 gram-weight per cm*, not 1 dyne/cm*.) 


Op A* 

III 

llr 

||w 

Ref* 

e 

0“ 

90® 

jp 

Ref* 

t 

0 to - 1 

182 


383 

H 

-54 


642“ 

K85 

2 to - S 

59 



H 

-5 to -7 


860 

TMcR 

1 to - 5 


254 

418 

H 

- 6 5 to - 7 8 

609 

622 

K13 

(?) 

67 

194 

336 

H 

-6 5 to -7 8 


656/ 

K13 

-35 

185 

60 

92 

Ma 

-9 

696 

696 

K85 






(?) 

1120 

958 

K14 






(?) 


950* 

Mo 






(?) 


500 

B 


Granular ice, natural and compressed. 


1 

B 

Type of ice 

Ref* 

-1 to -3 

285 

Large grains 

H 

0 to -3 

226 

Sra^ grains 

H 

-05 

300 

Mixed sand and water, frozen 

H 

-2 

150 

Snow compacted by 33 atm 

H 

0 to -0 2 

49 

Snow compacted by 20 atm 

H 

0 to -3 

280 

Crystals randomly oriented 

H 

-6(?) 

620» 

Crystals disorder^* 

TMcR 

? 

190* 

Ciystals disordered* 

P 
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' Keferences : 
B 
BS 
F 
H 

K13, K14. 

K85 

Ko 

Ma 

Mo 

R 

RS 

TMcR 


Table 190— fContinued) 


Bcvan, B, PhtI Tram, Ittu 304-306 (1826) 

Boylcp R W , and Sproul& D O , Can J, _Ray_f (1931). 



Kobler, R, Z Gcophyt , S, 314-316 (1929) 

Matsuyama, M 
Mosdey, (Canon) H aPhit Mag (4), 42, 138'149 (1871) 

Reusch, £. Ann d Phyt. (Wad), 9, 329-334 (1880) 

Reich. M, and Stieratsidt, 0» Phys, 32» 124-130 (1931). 

Trowbridge, J, and McRae, A. L, Am, J Sc%, (V, 29* 349-355 (1885). 


* By a similar method, M. EwinR, A. P Crary, and A M Thome, Jr j”” found 
E = 935 kg*/cm” at t between —5 and — 15°C: and obtained the same value for ice 
artificially frozen in a vertical tube as for a rod cut with its leng^th parallel to the 
surface of freezing. 

•Length perpendicular to the preceding, but both parallel to the surface of 
freezing. 

•Isotropic lake ice 

* Direction of application of the load is not stated 

' Direction of application of the load is parallel to the surface of freezing 

' By transverse vibrations 

‘The ice was frozen in a metal tube, the orientation of the crystals is neither 
ordered nor perfectly at random 

' Computed from the observed elongation under tension within his estimate of the 
elastic limit (load ? 0 51 kg*/cm*). 


horizontal (optic axis vertical), as the load increases the apparent value of 
E decreases to a inmnnum, and then increases as the breaking load is 
approached. This variation is, however, small as compared with that of 
the apparent E from specimen to specimen. 

Data reported by O Fabian (1877) indicate that ice is almost perfectly 
elastic for tensions not exceeding 0 5 kg^/cm®, but it should be noticed 
(Table 190) that the value he obtains for E under such conditions is very 
low. 

Potssoit’s ratio — As computed from the observed velocity of longi- 
tudinal waves, Poisson’s ratio for ice is 0 365 0 007, and is the same for 

ice frozen m a vertical tube as for a rod cut with its length parallel to the 
surface of freezing,*^® and from the horizontal velocity of waves in an 
isotropic ice-sheet, R. Kohler *** derived the value 0 30 From static obser- 
vations, B. Weinberg had derived the value 0 38 0 49 , the direction 

of extension is not clearly indicated. 

Rigidity — The rigidity of ice has been derived by B Weinberg,®*^' *** 
K. R Koch,®** M Matsuyama,-’®* and C. D. Hargis,^*® from observations 
on the torsion of bars, Weinberg deducing it from the apparent viscosity 
by means of an extension of Maxwell’s theory (see Plasticity, p 451), 

■“EwliiB, M, Crary, A P , and Thome, A M, Jr, Phystes, 5, 165-168 (1934) 

»K6hIer, R, Z Ciofhys , 5, 314-316 (1929) 
wWemberB, B, Z Gleischtrkunde, 1, 321-347 (1907) 

■•Weinberg, B, Ann d Phyttk (4), 22, 321-332 (1907). 

■•Koch, K R. Idem, 4S, 237-258 (1914). 

•■Hargif, C. D, Phys Rev (2), 19, 526, 527 (1922). 
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and the others from the twist produced by a ktfown torque, care being taken 
to eliminate the effect of plastic yielding and of the elastic after-effect.’ 
Weinberg calculated also the relaxation time (t), and the strain (X) corre- 
sponding to the elastic limit There appears to be an error in the equation 
used by him in those computations (see p 453), but the size of the error 
so introduced into the computed values is not known From the numerical 
data on p. 61 1 of Matsuyama’s paper it may be shown that the unit which 
he designates by "c.gs” is actually 1 gram- weight per (cm®Tadian), 
although m the table on p. 615 he compares such values with others which 
are actually expressed in terms of 1 cgs unit = 1 dyne/ (cm® radian). 

The dynamic determination — from high-frequency torsional vibration of 
rods — ^by M Ewing, A P Crary, and A M. Thorne, Jr.®*® yields a value 
that is markedly higher than those obtained by the static methods, but 
which is probably to be preferred, though as yet unsupported. 


Table 191. — Rigidity of Ice 

N = modulus of rigidity , 6 = angle between length of cylinder and 
optic axis ; X = shear corresponding to the elastic limit ; t = relaxation 
time (p. 452); £ = Young’s modulus; t °C‘= temperature 

N IS determined from the twisting of cylinders by torques about the axis 
of figure Weinberg obtained Y = 1 0 (1 — 0 13/) lO’^dyne/C cm® radian) 
when d = 0, and = 08 (1 — 065/) for glacier ice Matsuyama reports 
for fl = 90°, A/ = 1 16 (1 -0080f-00017/®) 10®dyne/(cm® radian). G1 = 
glacier ice 


Unitof Ar = l knirga(3yne/(cm« radian)- 1019 k8*/(cm* radian), of r-1 sec. of 1-1 nncroradian-O 206" 

I Preferred value Dynamic method ECT *' 

iV=9I 7±05, -5 to -1S°C Water frozen slowly in vertical brass tube • 

II Static or slow oscillation method 


e-* 

I 


0 

-5 

-5 

-6 


0 

90 

— N — 

GI 

0 

GI 

X 

0 

r 

GI 

0 90 

K/N 

Ref* 

27 2 

29 4 

— 






4 03 

3.18 

K 

10 


8 

56 

10 

960 

480 

— 

— 

W 

17 

1 

34 

34' 

3 

1670 

720 

— 

— 

W 

M 

1 8 

1 0 

- 








— 


M 

28 2’* 



— 

— 

— 

— 

— - 

— 

H 


* At an unstated temperature and for an isotropic ice-sheet, R Kohler “* found 
N = 27. 


’ References 
ECT 
H 
K 
M 
W 


Ewing, M , Crary, 
Hargis, C D «« 
Koch, K R »• 
Matsuyama, M 
Weinberg, B »" 


A F > and Tbornc, A M , Jr ' 


• In finding X, N was taken as 16 5 

* Value of 0 is unknown , the ice was frozen in a brass tube 


Tensile strength — The tensile strength of ice may be expected to depend 
upon the structure of the ice and upon the direction of the line of stress with 
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reference to the optic axis of the crystal, or crystals, of which the specimen 
is composed. No data on the tensile strength of single crystals or of ice 
of known uniform structure have come to the compiler’s attention. The 
recorded values, at unstated temperatures, range from 2 4 to 16 kg*/cm®, 
and Reusch computes 68 kg*/cm* as the maximum tension at the instant 
of rupture of a centrally loaded rod supported near its ends.f 

Working at —8 °C and loading the specimen at the rate of 0.1 kg*/ 
(cm^sec), H. Romanowicz and E. J. M Honigman®" found in three tests 
the mean values 16 1, 18 3, and 17 7 kg*/cm®, the highest observed value 
being 24 8, and the lowest 14.8 kg*/cm* 

Strength in linear compression — ^The values reported for the linear 
compressive stress required to rupture a block of ice vary from S to 125 
kg*/cm® (70 to 1800 ib*/in®), the values most frequently found lying near 
25 kg*/cm® (360 lb*/in®). This wide variation is in large part due to 
variations in the structure of the ice, but in part to the technique employed. 
Barnes,®**' •• *®® quoting Prof E Brown,®*® says that the observed crushing 
stress depends upon the rate at which the stress is applied. That rate is 
seldom reported The crushing stress may depend also upon the size of 
the specimen (G van Diesen, 1871). 

For 7-cm cubes loaded at the rate of 3 kg*/(cni®sec), H Ramanowicz 
and E. J. M Honigman ®*^ found in three tests the mean values 40.0, 43 0. 
and 44 1 kg*/cm®, the extreme observed values were 54.4 and 34 0 , the ice 
was formed by freezing water in cubic forms a little larger than the desired 
finished block 

No data for an isolated crystal have come to the compiler’s attention, 
the data available referring to blocks of natural or of ordinary artificial ice, 
which consist of multitudes of crystals seldom arranged in more than 
approximate uniformity In some cases the average direction of the optic 
axes was inferred from the direction of the planes of freezing, being assumed 
to be normal to those planes. For the values obtained in such cases, see 
Table 192. 

Barnes ®*® has reported that when blocks of ice are subjected to linear 
compression they may be heard to crack at approximately half the pressure 
required to crush them; they then stiffen perceptibly. He was unable to 
see these cracks When the line of pressure is normal to the surfaces of 
freezing “the ice bursts sideways into innumerable long needles, resembling 
a cake of ice which has all but fallen to pieces in the sun ’’ When the line 
of pressure was parallel to those surfaces “the block cracked lengthwise and 
transversely without shattering” The required pressure is somewhat 
greater in the first case than in the second. 

1 See Barnes, H T, IIa>waTd, J W and McLeod, N M, Trans Roy Soc Canada III. (3), 
8, 29-49 (1914), Fabian, O, Rip f Exper -Pkynk (Carl), 12, 397-404 0876) t- Sitr-ber d 
Krakaurr Akad IVtss (Math Nat Kl ) Vol 3; Finlayson, J N •*•, Hess, II , "Die Gletscher,” 
n 23 (Canon) Henry Moaeley, Fhtl, Mag (4). 39 1-8 (1870), Reutch, E, Ann d Phystk (Fogg ), 
131, 573-578 (1864). 

Romanowicz, H, and Honigman, E J M,, Forsrh Gsbiete Ingenteurw , 3, 99 (1913) 

•“Barnes, "lee Engineering," 1928, p 220. Trant, Roy Soc Canada, III (3), 8, 19-22 (1914) 
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Von Engeln reported that when a pressure approaching the ciushing 
value was released, the ice frequently cracked, and if the release was rapid it 
actually broke apart, showing that it retained its elasticity. But if the 
pressure was maintained near the crushing value the ice yielded by flow 
without breaking. 

Under given conditions, the strength increases as the temperature is 
reduced. 

Taking 400 lb*/ni® as the crushing stress, Barnes, Hayward, and 
McLeod computed the following values for the greatest possible thrusts 
per transverse linear foot (30 5 cm) when the ice has the thicknesses 
indicated. 


Thickness 

Thrust 


1 15 2 
I 28800 
42900 


Other references f 


8 

20 3 
»8100 
57200 


10 12 m. 

25.4 30.5 cm 

48000 57600 lb* /ft 

71500 85700 kB*/m 


Table 192. — Strength of Ice in Linear Compression 

The following data refer to ice of which the structure is believed to be 
uniform, the optic axes of the crystals being perpendicular to the surface 
of the water on which the ice was formed. Stress 1 1 ( 1 ) indicates that 
the compression is parallel (perpendiailar) to the optic axis. 


Unit of strengths t kg*/cm*-14 241b*/ft*=098I itiegadyne/cm* Temp »(°C 


St ress-* 

1 

II 

- Strength — — s 

Source 

Observer* 

0 

26 

25 

River 

Barnes 

-2 2 


21 

River 

Brown 

-10 


49 

River 

Brown 

-166 


62 

River 

Brown 

-11 7 

124 

72 

River 

Finlayson 
von Engeln 

-7 

70 

25 

Pond 


•B.iriici, n T=<=, Brown, E=“ T ==a-s=", von Zngcin, O D , Am J. Sci (4), 40, 440-473 
(1915), Finlayson, J N 


Shearing strength — J N. Finlayson reported that at temperatures 
above 20 °F (—67 °C) the shearing load had to be applied in his experi- 
ments “quite rapidly in order to secure satisfactory results." 

“In cases where the specimens were sheared in the direction parallel to 
the optical axes of the crystals, beautiful conchoidal fractures were fre- 
quently obtained, indicating that the specimens had sheared along the walls 
of crystals.” 

The average of his values for the shearing strength was 114 lb*/in® 
(80 kg*/cm®) perpendicular to the optic axis, and 98 lb*/in® (69 kg*/ 
cm*) parallel to that axis. Observations extending from — 10 °F to 4-30 “F 


t Barnes, H T, Tlqyward, 7 W, and McI.#eod, N M, Trans Roy Soe Canada, III (3), 
8y 29-49 (1914); van Diescn, G» Vers cn Med K Akaa Wet, Amsterdam (jt), & 325-331 
(1871). von Engeln, O D » Am J Stt (4). 40, 449-473 (1915), Ftnlayson, J Hess. H, 

**Die (jletscher", Mosdey, (Canon) Henr^, PhU Mao (4), 39, 1-8 (1870), Anon, Z ges KSlte^ 
Ind, 3^ 84-85 (1926), a few values derived from observations made at the government’s testing 
bureau at Copenhagen are cited anonymously 


•“Finlayson, J N„ Canadian Engineer, 53, 101-103 (1927) 
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(—23.3 “C to —11 °C) gave no indication that the strength varies with 
the temperature Individual determinations differ widely. A few tests of 
artificial ice indicated that its shearing strength is about 80 per cent of that 
of river ice. 

"No marked elastic limit was noticeable before the specimens sheared 
off; but there was evidence of a slow realignment of crystals under pres- 
sure, as the load was found to fall off if the head of the testing machine were 
brought to rest during the test.” 

These conclusions of Fmlayson are quoted by H. T Barnes •• 
Weinberg’s data (Table 191) indicate that the elastic limit in shear is 
certainly less than 2 kg*/cm^ and probably not over 1 kg^/cin®, the limiting 
shear being a few seconds of arc (06" to 11"). 

Canon Henry Moseley found no detectable shearing of a cylinder of 
ice 1 S inches in diameter when the shearing force was 112 5 lbs”’, but an 
appreciable shearing when the load was 121 lbs*; the temperature was 
stated to have been below freering The shearing apparatus consisted of 
two boards of hard wood held together by guides, and sliding one over the 
other , a 1 S-inch hole, to take the ice, was bored through each board With 
this apparatus he found that a load of 208 lbs* caused shearing at the rate 
of 0016 in/min , working in air at 74 to 75 °F he found that 200 lbs* gave 
a rate of 0025 in/min for solid, natural ice, and 0036 in/min for regelated 
ice formed by hammering cracked ice into the hole m the shearing appa- 
ratus His conclusion was that the shearing strength of such compacted 
ice is about 75 lb*/in® ( = 5 3 kg*/cm®)®^® 

Hardness — Three kinds of hardness are commonly recognized One 
indicates the resistance to abrasion , a second, the resistance to denting 
under the action of a dead load; and a third, the height of rebound of a 
specified object dropped m a specified manner. 

The first is generally used in the description of minerals, and is indicated 
most frequently in terms of a scale defined arbitrarily by a specified set of 
minerals On Moh’s scale, the hardness of ice is generally given as 1.5 ; 
that IS, its resistance to abrasion lies about midway between that of talc 
and that of gypsum E S Dana does not state the hard- 

ness of ice. but on the basis of several references, it is believed that either 
earlier editions of this work or J D Dana gave the value of 1 5 

The second and the third kinds of hardness are commonly used in the 
description of metals, and are speafied, respectively, by what are known 
as the Rnnell hardness number and the Shore scleroscope hardness. No 
data for either of these have been found for ice, although there is no obvious 

*** Moseley, Canon Henry, Phil Mag (4), 42, 1^8-149 (1871) 

■“Moseley, Canon Henry, Phil Mag (4), 39, 1-8 (1870) 

■“Moseley, (anon Henry, Proc Kay Sac ( London), 17, 302-208 (1869) 

Van Horn, F R , "'General and Special Mineralogy,” p 4S8, published by the author. Cleve- 
land, 1903 

■“ Bayley, W S , “Descriptive Mineralogy,” p 147, New York, 1917, 

•“Dana, E S , “A Text-Book of Mineralogy,” 3rd ed, revised and enlarged by W. E Ford, 
New York, 1922 

“• Dana, J D , “A Manual of Mineralogy ” 
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reason for anticipating any serious difficulty m determining the Shore 
scleroscope hardness of ice at any temperature It would, without doubt, 
vary with the structure of the ice, and, for homogeneous ice, it would 
depend upon the direction of the crystallographic axes of the individual 
crystals. The Brinell hardness number for ice would have no significance 
except at temperatures so low that the rate at which ice yields progressively 
under the action of a constant load applied to a small area of its surface 
is negligible; say, at temperatures below —30 °C. 

Certain experiments on the rates at which loaded rods and tubes pene- 
trate into ice at given temperatures have been made by several experi- 
menters, including T. Andrews who designated his data as measures 
of hardness. They have been so quoted, e , by H. T. Barnes,®*^' ^ 
although it is evident that they refer to progressive deformabihty rather 
than to hardness in any of the senses in which that term is commonly used. 
In this compilation they have been assigned to the section Penetration 
(p. 436). 

Plasticity and viscosity — Icc is a plastic solid. That is, under the 
action of small differential stresses it seems to be perfectly elastic, suffering 
no permanent change in form, but if the stress exceeds a certain small 
“elastic limit,” its deformation continuously increases. Other things being 
the same, the nearer the temperature is to 0 °C, the more rapidly does the 
deformation increase. When the stress is a shear of the type produced 
by an axial twist applied to one end of a cylinder while the other is held 
fixed, the value of the strain at the elastic limit, as computed by B. Wein- 
berg 2*® IS Independent of the temperature The phenomena are com- 
plicated by the effect of the stress upon the melting point of the ice, 
especially of the impure mtercrystallic material Many early observers 
concluded that under differential stresses ice yields progressively, however 
small the stress may be, especially when the temperature is near 0“C: 
J. Thomson,*®-'* F. Pfaff,*”® J J. Bianconi,*^-* T. Andrews *®^ 

Both the elastic limit and the rate of yielding vary with the structure 
of the ice, and, when the structure is uniform, with the directions of the 
stresses with reference to the optic axes of the constituent crystals. They 
would also be expected to vary with the amount and nature of the impurities 
contained in the mtercrystallic material. It seems that this last has not 
yet been considered by those who have investigated the plasticity of ice. 

Under the titles plasticity, viscosity, and hardness, many observations of 
the manner in which ice yields to differential stresses have been reported. 
Most of them, though very mterestii^, have been made under such con- 
ditions or reported in such deficiency of detail as to make quantitative inter- 
pretation impossible They will be found in the earlier portions of this 
section. Those from which the observers have attempted to derive numeri- 
cal values for what they call the viscosity will be considered here But first 

Andrews, T„ Proc Roy Soe (London), 40, 544-549 (1886) 

Barnes, H T., "Ice Formation," p 66, New York, 1906 
** Thomson, J, Proe Roy, Soc (London), 8 , 455*458 (1857) 
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it IS necessary to define the terms we shall use. Consider a plastic material 
bounded on opposite sides by planes that are patallcl and distant x one from 
the other. If one of these planes is kept at rest and the other in motion m 
its own plane with a velocity v, then each will experience a drag amounting 
to P units per unit area, such that (.P — p) = v-v/x, ft being a property 
of the solid but independent of the value of P, v, and x. Unless P exceeds 
P, V is zero. The force required to produce the strain corresponding to 
the elastic limit is p units per unit area. This is the form of equation 
demanded by J. Clerk Maxwell’s theory of viscosity®®* as extended by 
T. Schwedoff ®®® to include the case in which there is a definite fixed elastic 
limit different from zero. It may for convenience be regarded as a defini- 
tion of a plastic solid, and is in effect the definition adopted by E. C. 
Bingham.®®* Whether any specified solid that is commonly described as 
plastic satisfies this definition is another question, and one that need not 
detain us. It is merely a matter of definition , if the solid does not behave 
in accordance with that definition, then it is not purely plastic in the sense 
in which we shall use the term. 

As our defining equation follows from an extension of Maxwell’s theory 
of viscosity, which provides for other phenomena observed in the study of 
the shearing of ice, it is desirable to recall the essentials of that theory. He 
regards a viscous substance as consistmg of one or more types of molecular 
aggregate. When any aggregate is strained by a relative motion of adjacent 
parts of the substance, it gradually breaks up, relaxing the strain, and the 
parts then form new assoaations, not necessarily of the same type of aggre- 
gation as before. Thus the strain is gradually relieved unless continually 
renewed by a continuous relative motion inniosed from without upon the 
adjacent parts of the substance If the rate of relaxation is directly propor- 
tional to the strain, then, if left to itself, the strain decreases exponentially 
with the time, and the time required for it to decrease to ( =0.3679) 
of Its value was called by Miixwell the relaxation time, and denoted by T. 
The viscosity of the substance is equal to the product of the modulus of 
rigidity multiplied by the relaxation time. 

In general, the value of T will differ from one type of aggregate to 
another. When a substance containing several types of aggregates is 
strained, those for which T is small will soon relax, throwing additional 
stress upon those for which T is great, and they in turn and in some 
measure protect from stress the newly formed aggregates for which T is 
small. Thus when the distorting stress is maintained constant the effective 
viscosity will increase with the duration of the stress; at the same time, 
the velocity with which the distortion increases will decrease. 

When the distorting stress is removed, there will be a partial and pro- 
gressive recovery of the original form. The aggregates that had been 

HazwdI, J C., Pka Uag (4). 35, 129-145, 185-217 (1868) , "Scientific Papers," 2, 26-78 
(1890) PM. Tnmt.. 157, 49-88 (1866). 

Schwedoff, T , Jottr da Pkys (2), 8, 341-359 (1889) , 9, 34-46 (1890). 

■•Bmshiun, E C. BuU. Bur Standards, 13, 309-353 (SP 278) (1916) 
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strained less than their elastic limit will recover at once, and in so doing 
will strain other aggregates. Those will yield elastically or viscously, 
depending upon the amount they are strained, thus introducing new strains ; 
and so on. In the end, the substance will be subjected to permanent inter- 
nal strains, unless the elastic limit of each type of aggregate is actually that 
of zero strain, in which case the substance is purely viscous. 

If the aggregates do not relax unless the strain exceeds a certain value, 
the substance is plastic. In general, that limiting strain will differ from 
aggregate to a^regate, and may have any value from zero (purely viscous) 
to infinity (perfectly elastic for all stresses). The behavior of the substance 
under shearing stress will vary accordingly. 

Those who have studied ice have called Px/v the viscosity. We shall 
call it the effective viscosity, and shall denote it by jug ; and we shall call the 

quantity denoted by n in the equation (P — P) = — the viscosity. This 

X 

does not accord entirely with the somewhat confused nomenilature used by 
those interested in the study of plastic materials used in the arts, but it is 
logical and is justified by the manner in which the defining equation was 
derived from Maxwell’s picture of the structure of viscous substances. In 
our notation /i« = /* -i- px/v. 

Although several experimenters have observed that iie for ice increases 
as V becomes small, B Weinberg appears to be the only one who has 
attempted to separate the two terms composing jtt,. From a consideration 
of the progressive yielding of cylinders of ice, each clamped at one end and 
subjected at the other to a constant torque about the axis of figure, he con- 
cluded that his observations can be quite satisfactorily expressed by for- 
mula (1), (In the original paper, the negative sign has been omitted from 
the exponent ) 



Here, the temperature is t °C, the rate of shear is ^ radians per sec. and 
fto is the value of the viscosity at 0 ° C and ^ = oo He does not state how 
long the stress had lasted when iji was observed For river ice, the geo- 
metrical axis of the cylinder being parallel to the optic axes of the con- 
stituent and parallel crystals, he gives /lo = 9 5 megamegapoises, o = 1 12, 
6 = 0 54 °C, and £- = 05 megadyne radian/cm® For glacier ice he gives 
Ilf) = 38 megamegapoises, a = 1 32, b = 065 “C, and c = 008 megadyne 
radian/cm® From these he computes the modulus of rigidity, the relaxa- 
tion time, and the greatest shear for which there is no permanent deforma- 
tion (see Table 191). This maximum shear at 0 °C is 56 microradians for 
the river ice, and 10 for the glacier ice These computations are vitiated 
by an error analogous to that considcrcil by E Buckingham in his dis- 


■^Wemberg, B» Ann d Pt^stk (4), 22, 321*332 (1907) 
18 , 81>91 ( 1905 ) 

** Buckinghanii E , Ptoc Afntt Soc T cstinff M oiffto/j, 21t 


Superseding and extending Idem, 
1154-1161 ( 1921 ). 
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cussion of an equation used by Bingham to represent the flow through a 
capillary tube. Values deflned by means of formula (1) are given in 
Table 193 

Table 193. — Viscosity of 

” 7 ) = t°C, rate of shear = ^ radians/ 

sec, corresponding to a difference of v meters/year in the velocities of two 
planes of slipping that are 100 meters apart. In his paper of 1905 Wein- 
berg®®^ gives = (1244 — 402< -H 0277<®) X 10^® poises when the mean 
value of il/ is about 10‘® radian/sec; this formula is probably not so good as 
the other. Computation by the compiler. 


Unit of II— 10» poises, of 4 ’ and of s as already indicated, temp — f °C 


I River ice 

Planes of 

slipping are 

perpendicular to optic 

axis 

/*o 

= 9 5. a = 

: 1 12, & = 

: 0 54 X, f 

= 5x10® poise radian/sec 


10-s(?) 

SX10~» 

10-* 

10-y 

5X10-T 

oo 

V-* 

31 6<?) 

15 8 

31 6 

3I6« 

611 

00 

1 








•“i 






0 

12 4 

no 

60 

14.5 

10 5 

95 

-0 1 

12 8 

112 

62 

165 

12 5 

11 5 

-05 

14 5 

114 

64 

191 

15 1 

141 

-10 

167 

116 

66 

20 8 

16 8 

15 8 

-20 

21 6 

118 

68 

23 3 

19 3 

18 3 

-.10 

27 0 

121 

71 

25 9 

219 

20 9 

-40 

33 0 

124 

74 

28 6 

24 6 

23 6 

-50 

.19 5 

126 

76 

31 5 

27 5 

26 5 

-75 

58 2 

135 

85 

40 3 

36 3 

35.1 

-10 0 

80 3 

147 

97 

52 3 

48 3 

47 3 

-12 5 

93 0 

163 

113 

67.1 

6.19 

62 9 

-15 0 

135 

184 

134 

88 6 

84 6 

83 6 

II. 

Glacier ice 






Po 

= 3 8, a = 

1 32, fc = 

: 0 65 "C, c 

= 8 X 10'* poise radiaii/sec. 


I0-* 

sxin-i 

lO* 

10-? 

5X10-T 

00 

T— * 

/ 

1 16 

13 g 

31 6 

3160 

631 

00 

0 

83 8 

19 8 

11 8 

46 

40 

38 

-0 1 

84 7 

20 7 

12 7 

55 

48 

47 

-05 

86 1 

22 1 

14 1 

69 

63 

6 1 

-10 

87 5 

23 5 

15 5 

83 

76 

75 

-20 

903 

26 3 

18 3 

11 1 

10 5 

10 3 

-30 

93 8 

29 8 

219 

14 6 

140 

13 8 

-40 

98 4 

34 4 

26 4 

19 2 

18 5 

18 4 

-SO 

104 4 

40 4 

32.4 

25 2 

24 5 

24 4 

-75 

129 

65 0 

57 0 

49 8 

49 2 

49 0 

-10.0 

178 

1144 

106 4 

99 2 

98 6 

98 4 

-12 5 

278 

214 

206 

198 

198 

198 

-15 0 

475 

411 

403 

396 

395 

395 


•At this rate, two planes of slipping that are 10 cm apart will differ in velocity 
by 36 microns per hour. 
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In his earlier paper, Weinberg gives formula (2) for the shearing of 
river ice in a direction perpendicular to the optic axis, and at rates of 
approximately 001 microradian per second. 

ft = 12.44 — 5.02t« + 0 355/*^ megamegapoises 
= 12.44 - 4 02f + 0.227f2 (2) 

where tn is the temperature on the Reaumur scale (not Centigrade scale, 
as first published ; see the 1907 paper). Values computed by means of this 
formula are given in the second column of the first part of Table 193. 

From an extended study of the bending of hoiizontal rectangular bars 
of ice, supported near each end, and loaded in the middle, H Hess had 
already deduced values for the api^ent viscosity 1'hese values were 

IP M IP 

computed by means of the formula ue = tt" = — » where M = — - , P = 

4abz; v 4oft 

load, I = length between supixirts, a = vertical thickness, b = horizontal 
breadtii, v = velocity of depression of the mid-point of the bar = lil>/2, 
where ^ radians/sec is the rate of shear , ip does not exceed a few times 10'* 
These values of fig are less than a hundredth as great as those found by 
Weinberg, and vary with the length of time the load has been applied He 
reported that there was no detectable change in ftc in the range 0 to — 6 8 °C 
For tin ee bars cut from the same sheet of uniform ice he recorded the values 
given in Table 194 For granular ice he obtained values of the same order 
of magnitude Successive bendings in opposite directions produced no 
change in the value of ftc, the load being moderate. From his observations, 
he concluded that, under moderate loads, fto increases with the duration of 
the load, and after about 5 mm the rate of increase is essentially constant , 
but under loads near the breaking value, ft^ decreases as the duration 
increases Such variations may be forecast from the extension of Max- 
well’s theory. For additional details, reference should be made to the 
original paper. 

Similar observations on the bending of loaded liars of ice had been 
made 1 1 years earlier by J C. McConnel *'** in his very important rec on- 
naissance of the behavior of such loaded bars He thought it unprofitable 
to attempt to compute the viscosity from his observations, but R M. 
Deeley has made such computations, finding for shears perpendicular to 
the optic axis values of the same order (10^® poises) as those obtained by 
Hess The compiler has been unable to obtain from McConnel’s data the 
actual values published by Deeley. McConnel’s observations show that the 
apparent viscosity for shear parallel to the optic axis is many times (perhaps 
100) as great as that for a shear perpendicular to that axis. 

From the observations of J. C McConnel and D A. Kidd on the 
progressive elongation of bars of ice subjected to longitudinal traction, 
R. M. Deeley and P. H. Parr^®® have computed the apparent viscosity, 

•“•Hess, H, Ann d Phynk (4), S, 40S-431 (1902), "Die Gletacher" (1904). 

*• Deeley, R M , Proe Roy Soe London (A), 81, 250-259 (1908). 

"o McConnel, J. C, and Kidd, D A, Proc. Roy. Soc (London), 44, 331-367 (1888). 
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finding values varying from 9 to 900 meganiegapoises, depending upon the 
temperature, the structure of the ice, and the direction of the shear. 

Table 194. — Viscosity of River Ice 

Values were derived from the bending of horizontal, rectangular bars 
supported at the ends and loaded at the middle. P = load ; M = bending 
moment per unit of cross-sectional area = Pl/Aab ; = value of the 

apparent viscosity as computed from the rate of shear r sec after the load 
was afiplied ; I = ler^jth between supports ; a = vertical thickness ; b = hori- 
zontal breadth , vertical and horizontal refer to position of bar when loaded 
for test. All three bars were cut from the same sheet of ice. 


Unit of P — 1 g^, of Jf “ 1 g* cm‘», of m “ poises 



1 Parallel to 1 | 

Parallel to a 

P- 

2000 

5000 

6000 

1000 

1500 

2000 

Jl/- 

1350 

3400 

4000 

1600 

2350 

3100 

t 

1 „ j 

1 *** 

15 

0.065 

0 105 

0 0055 

0 075 

0 100 

0.080 


0 17S 

0 115 

0 036 

0 075 

0 no 

0 070 

120 

0.100 

0 130 

0 0365 

0 075 

0 090 

0 110 

300 

0 110 

0 160 

0 035 

0 080 

0.120 

0120 

. 1200 


0 120 






Optic KiiiB parallel to t 

P-* 

1000 

1500 

2000 

3000 


1500 

2250 

3000 

4450 

r 

1 '**■ 

15 

0.037 

0 037 

0.024 

0 no 

60 

0 080 

0 no 

0 060 

0 090 

120 

0.120 

0 100 

0.100 


300 

0 210 

0 190 

0 170 



In the same paper, Decley and Parr summarize the more important 
values reported for glacier ice, as given here in Table 195 They remark’ 

Table 195. — Viscosity of Glacier Ice 
Adapted from R. M. Deeley and P. H Parr.®®® 


Unit of poises 


Observer 


Computer 



Dr Mam 

1888 

R M Deeley 

1912 

60 

McConnel and Kidd 

1888 

R. M Deeley 

1912 

84.5 

B. Wemberg 

1907 

B. Weinberg 

1907 

80 

Blumcke and Hess 

1907 

B Weinberg 

1906 

17.4 

Tyndall and others 

— 

R M. Deeley 

1908 

78.9 

Blumcke and Hess 

1910 

B Weinberg 

1910 

17.5 

Blumcke and Hess 

1910 

Deeley and Parr 

1913 

147 7- 

BlOmcke and Hess 

1910 

Deeley and Parr 

1913 

125* 

*From motion of glaciers 

in the wnter. 




“We have seen that glacier ice consists of crystal granules which not only 
shear fredy along planes at right angles to the optic axis, but also undergo 
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changes at their bounding surfaces, which enable the mass to suffer contin- 
uous distortion under stress. The ability of glacier ice to spread out into 
piedmonts whose upper surfaces are very nearly level also shows that such 
shear may take place under very small stresses.” This accords with the 
small value of the shear (X) that corresponds to the elastic limit. From 
Table 191, we find that X does not exceed 60 microradians, nor does the 
coefficient of rigidity exceed about 3 X 10*® dynes/cm® radian ; hence ice will 
yield continuously if the shearing stress exceeds 1 8 megadynes/cm® =18 
kg^/cm®, a very small value. 

For other values of the viscosity of glacier ice, as derived from the 
observed flow of each of several glaciers, see R. M. Deeley.®®* 

From the damping of torsional vibrations of a cylinder of ice about its 
axis, C. D. Hargis ®®® obtained the values = 3.7 megamegapoises when 
the period was 0.286 sec, and 6.21 when it was 0.448 sec. The cylinder was 
obtained by freezing water in a brass tube. 

All the preceding may be summarized thus: (1) None of the available 
data for the plastiaty or for the viscosity of ice is entirely satisfactory. 
(2) Values of /i« derived from the bending of bars are of the order of 10*® 
poises, those from the axial torsion and those from the longitudinal stretch- 
ing of bars are of the order of 10** poises. (3) Although McConnel’s and 
McConnel and Kidd’s data indicate that ih for shear parallel to the optic 
axis is about 100 times as great as for shear perpendicular to that axis, 
Hess’s data indicate that the difference is slight. (4) The value of /t* 
increases as the rate of shear decreases (Table 193). (S) When the stress 

is kept constant, /i, increases with the time the stress has been applied. 
Whether this involves other phenomena than those pertaining to the varia- 
tion with the rate of shear cannot be determined from the data now avail- 
able. (6) The value of /i increases very rapidly as the temperature 
decreases, a decrease of 10 °C being accompanied by a 5-fold increase in n 
for river ice, and a 26-fold increase for glacier ice This increase in causes 
a marked, but in general a smaller, increase in jo,. {7 ) An attempt to fit the 
data of Hess, of McConnel, and of McConnel and Kidd to Weinbi*rg’s 
equation has been unsuccessful. (8) Owing to the absence of important 
data, to significant variations in the procedures followed, and to variations 
m the structure and the purity of the ice used, it is impossible to correlate 
satisfactorily the data obtained by different observers. 

Sustaining power of an ice sheet. — A. knowledge of the load that a sheet 
of ice of given thickness can sustain while resting upon water is of consider- 
able importance, especially in military operations. Ordinary experience 
teaches, as pointed out by F. A. Ford,®*® that this load depends upon the 
state of the ice. Old ice that has been exposed to the sun and to air not 
much bdow 0 "C becomes split by a multitude of vertical cracks into irregu- 
lar prismatic needles, i ^ , it becomes rotten. Such ice has little sustaining 

» Dedey, R. M , C»o/ Uof (S). », 265-269 (1912). 

•"Ford. F. A., Rtv. Set., SI, 379 (1893). 
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power ; no estimate of that power can be given, as it varies greatly with the 
existing condition of the ice. It is only of new ice still in the process of 
formation that numerical data can be given with any confidence. It is to 
such ice that the following figures refer. 

An anonymous note quotes from the “Echo de I’Armee” the follow- 
ing values as having been determined under the authorization of the French 
military establishment; When 4 cm thick, such ice will bear the weight 
of one man , when 9 cm thick, infantry marching in open formation ; when 
12 cm, artillery tram of 8-cm guns , when 14 cm, tram of 12-cm guns ; when 
16 cm, siege guns with loaded caissons; when 29 cm thick, it will carry 
almost any load that would be placed on it. 

P. Vedel **■* has stated that the “army rules" were as follows • 2-m. 
(S-cm) ice will support a man or properly spaced infantry; 4-m. (lO-cm) 
ice, a man on horseback, cavalry, light guns, 6-m. (15-cm) ice, such field- 
pieces as 80-pounders ; 8-m. (20-cm) ice, battery of artillery w-ith carriages 
and horses, but not over 1000 lb* per sq ft on sledges , 10-in (2S-cm) ice, 
an army, an innumerable multitude, 15-in. (38-cm) ice, railroad tracks and 
trains. He stated that 24-m (61-cm) ice withstood the impact of a loaded 
railroad passenger car falling 60 ft (which he estimated at 1500 ft tons*), 
but broke under the impact of a locomotive and tender (which he estimated 
at 3000 ft tons*). Tables purporting to give the maximum safe load for 
the ice on a circular lake and for that on a canal are included in the article, 
but as the value he gives for the Young’s modulus m an earlier portion of 
the paper is about 1000 times too great, it is feared that the data of those 
tables are untrustworthy. The present compiler has not attempted to check 
the computations. 

65. Deformability of Snow 

The deformability of snow and its variation with the depth of the over- 
lying snow have recently been studied by M Kuroda 

For obtaining an estimate of the hardness, he usetl a brass-tipped 
wooden cone, vertex angle = 90°, dropped from a stated height, and mea- 
sured (D) the surface diameter of the indentation produced 

For measuring the tensile strength he used telescoping sheet-metal 
forms of the general shape of the axial section of metal specimens intended 
for similar tests One of these forms was pressed into a layer of undis- 
turbed snow carefully taken up on a glass plate, and the force required to 
pull it apart was measured. 

For obtaining the shearing strength he used a flat block sliding snugly 
in a slot nit m another block, through the center of the compound block 
and perpendicular to the plane of the sliding one was cut a rectangular 
hole By means of a suitable sheet-metal form, prisms of snow that fitted 

•"Anun. Idem. 51, 318 (1893) 

"•Vedel, P, J Franklin Iml , 140, 355-370, 437-455 (1895) 

"•Kuroda, M, Sci Papm Inst. Pkys and Chem Res (Tokyo), 12, 69-81 (1929), 
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Table 196. — Hardness of Snow: Variation with Depth in Snow-blanket 

Adapted from M Kuroda®*® 

The hardness is indicated by the surface diameter (D) of the conical 
indentation produced by dropping a brass-tipped wooden cone, vertex 
angle = 90°, from a stated height (A) above the surface of snow under 
study. By carefully removing the overlying snow, that surface was placed 
at any desired depth (d) below the undisturbed surface of the natural snow- 
blanket ; A = 0 indicates that the cone was placed gently upon the surface 
and sank under its own weight Values are given for two blankets ; those 
in the first column A = 0 refer to one. and the others, to the other. In the 
original paper the values of A and d for the second blanket appear to have 
been interchanged, they are the reverse of those here given. 
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54 
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Table 197. — Hardness of Snow; Effect of Tamping 

By carefully removing the overlying snow, the surface under study 
could be brought to any desired depth (d) below the surface of the natural 
snow-blanket The hardness of one portion of the surface so cleared was 
determined at once , another portion was tamped by a single dropping from 
a height if of a load of 2700 g* with a rectangular base 18 by 27 cm, and 
the hardness was then determined D and A have tlie same significance as 
111 Table 196 

Two snow-blankets were studied, temperature of snow, about —11 °C 
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A B 20 cm 
20 
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85 

40 




13 
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22 

5 2 

4.8 




25 

45 


40 

33 

30 

26 
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the hole could be cut out and placed in it ; the force then required to with- 
draw the sliding block was measured. 

He gives curves showing the grain size, the density, D, and the temper- 
ature, throughout the thickness of a natural snow-blanket 9 meters thick. 
The size of the grains varied but little until the ground was approached, 
where the snow was several months old ; the density varied from 0.35 g/cm® 
at a depth of 50 cm to 0.65 at 700 cm ; from a depth of 200 cm to that of 
700 cm the hardness was essentially constant ; the temperature was lowest 
( —0.9 °C) at mid-depth. 

Table 198. — Strength and Hardness of Snow®®® 

T = tensile strength, S = shearing strength, D = hardness as in Table 
196, ®C = temperature of the snow. For details, see text. 


Unit of D — l cm, of I* and S—1 |!*/cm* 


Snow. 

A 

B 

C 

D 

t. 

-9.0 

0 

-2 0 


T 

63 

33 

93 


S 

3 

25 

20 

43 

D 

20 

20 

155 



• Snow • A = fresh and powdery , B = wet and soft , C = surface crusted , D = 
surface more crusted than C 


66 Acoustic and Other Vibrational Data for Ice 

(For the elastic constants of ice, see Sections 64 and 67; for density. 

Section 67.) 

Acoustic data are those pertaining to longitudinal vibrations, to those 
in which the displacement is in the direction of propagation of the train 
of waves. Like other solids, ice can transmit transverse vibrations also, 
those in which the displacement is perpendicular to the direction of propa- 
gation ; and a thin sheet of ice can transmit flexural vibrations. All these 
types of vibration are considered in this section. 

Velocity of Transmission. 

As ice is crystalline, the velocity of a given type of vibration might be 
expected to vary with the direction of propagation through the crystal, and 
R. Kohler®*® thought that his observations on an ice sheet 30 cm thick 
indicated such an effect for waves generated by the firing of explosives. 
But R. W. Boyle and D. O. Sproule ®®'^ concluded, from their observations 
on longitudinal ultrasonic waves in rods of ice, that any such difference lies 
within the experimental error (see Table 199). It would seem that their 
observations are the more readily interpretable 

Flexural waves in an ice sheet 11 to 38 cm thick, resting on water 1 .2 
to 6 m deep, exhibit marked dispersion; the group velocity is \22-\/tv 

"•KBWer, R, Z Grothts 5, 3I4-3I6 (1929). 

^Bpyle, R W.* and Sproule, D O., Cm J Res, 5» 601-618 (1931). 
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ni/sec where t cm is the thickness of the ice, and the frequency is v cycles/ 
sec, V varying from about 13 to 600.®®® 

Table 199. — Velocity of Waves In Ice 
(For flexural waves, see text.) 

$ s= angle between the direction of advance of the wave and the normal 
to the planes of freezing (the optic axis) ; v = frequency ; v = velocity of 
propagation. The BS® observations for = 0 are given within 0.9 per cent 
by r = 3.12 (1 - 0.00250 km/sec, which for t = - 26 °C is 3 33 ; the 
differences between this and the several values tabulated for —26 ®C repre- 
sent inherent variations in the samples 

Unit oi 1 km/MC, of kilocycle/sec Ttmp * t 

I. Longitudinal vibrations. Rods of ice 


BS" 


BS" 

RS" 


ECT" 

8-0° 

/- 

-26 'C 

t- -4“C 



V 13 

» - 

7 to 12 

1 55 

V “ 

1.31 to 4 97 

1 V 

« 

« 

1 V 

« 

V 

-9 3.18 

0° 

3 22 

90° 3 23 

90° 

3 174 

-10 3 21 

90“ 

3 24 


Vbl‘ 

3.150 

-30 3.33 

90' 

3.18" 


Mean® 

3 163 *0.009 

-35 3.43 

45' 

3.11 




II. Longitudinal. 

Explosions. 

III. 

Transverse 

Explosions. 

Form 

p 

Ref* 

Form 

a 

Rrf • 

Sheet 

3 404 

ECT 

Rod 

1914*0 006* ECT 

Sheet 

3.41 

ECT 

Sheet 

1.846*0 005 EC 

30 cm Sht. 

3 23 

K 

Sheet 

1 70 

K 

Solid 

3 IS** 

ECT 

Glacier 

1 60 

M 

Glacier 

340 

M 

Glacier 

1 69 

M 

Glacier 

3.60 

M 

Glacier 

1 67 

M 

Glacier 

3.57 

M 

Glacier 

1 69 

S 

Glacier 

3 49 

S 

Glacier 

1 60 

S 

Glacier 

3 41 

S 

Glacier 

1 82 

s 

Glacier 

3.70 

S 

Ndvd 

1.3.^ 

M 

Ndvd 

3.14 

M 





* References and notes : 

BS R W. Boyle and D O Sproule *" , rods cut from river ice. 

EC M Ewing and A P Crary *“ 

ECT M. Ewing, A. P Crary, and _A M Thorne, Jr"*; rods cut from 

river ice; explosions in the ice sheet, temperature —5 to — IS'C 

K R Kohler lake ice 30 cm thick. 

M H Mothes.™ 

RS M. Reich and O. Stierstadt , ice formed from distilled water 

S E Sorge *" , inland ice sheet, Greenland 

* Vbl indicates that the ice was formed by freezing water slowly in a vertical brass 
tube , under which conditions, the crystals are variously oriented Mean = mean of 
all observations on rods of whichever kind 

'Direction of propagation was perpendicular to that in preceding case, but in 
both it was parallel to &e planes of freezing 

' Computed from the observed velocity in thin rods. Sheet = thin plate, unsup- 
ported. Solid = infinite solid. 

* Torsional vibrations of thin rod of Vbl ice (see note *), r = 0 81 kcycle/sec. 


■•Ewing, M, and Crary, A. P, Phyim, S, 181-184 (1934) -» Crary and Ewing, Phys Rev 
(2), 4S, 749 (A) (1934). 
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Reflectivity. 

As compared with steel, or even with granite, ice is a very poor reflector 
of ultrasonic vibrations (v = 84 kcycle/sec) See R. W. Boyle and G. B. 
Taylor.2” 

67. PressurE'Volume-Temperature Associations for Ice 

All data pertaining to the spedfic volume and the density of ice and of 
snow, and to their variations with the temperature and the hydrostatic 
pressure, are assembled m this section The density has not been directly 
determined for any type of ice except the usual one (ice-I), and no deter- 
mination of the density of snow-crystals has come to the compiler’s atten- 
tion. (Deformabihty of ice and of snow, see Sections 64 and 65. Linear 
expansion of ice, see Section 68 ) 

Density of Snow. 

The density of freshly fallen snow varies greatly, depending upon the 
aerodynamic conditions attending its deposition, the density at any point 
of a snow blanket increases with the age of the blanket, even in the absence 
of fusion The density in a natural blanket of snow increases nonlinearly 
with the depth i* M Kuroda found 0 35 g/cm* at a depth of 50 cm, 
and 0 65 at 700 cm Values as low as 0.004 liave been recorded for freshly 
fallen snow.®^® 

The density of the persistent nh>c m the Pyrenees at altitudes of 2 5 to 
3 4 km varies from 0 51 to 0 59 g/cm® in August to September, and from 
0 53 to 0 65 in October.®^* Devaux thought that this apparent increase was 
real The samples were probably taken from near the surface E Sorge 
has found that the density of the n^c on the inland ice-sheet of Greenland 
IS 0 51 g/cm® at depths of 30 to 118 cm, varying inappreciably with the 
depth. 

Density of Ice-I at 1 Atmosphere. 

The density of the ice of glaciers is, as one would expect, lower than 
that of clear compact ice , values varying from 0 86 to 0 91 g/cm® have been 
reported by J. Devaux.®^® 

Ewiimc. M , Crary, A P , and Thorne, A M , Jr , PhytKS, 5, 165-168 (1934) -♦ Phys Rev 
(2), 4S. 749 (A) (1934) 

«»Mothe», H, Z Ceophys, 3, 121-134 (1927), S, 120-144 (1929) 

Reich, M, and Stieratadt, O, PAyei* Z, 32, 124-130 (1931) 

«* Sorge, E. Z Ceophys, 6, 22-31 (1930) 

"•Boyle, R W . and Taylor, G B, Trans Roy Soc Canada, III (3), 20, 245-257 (1926) 
"‘Devanx, J, Compt rend, US, 1147-1149 (1927) 

"•Kuroda, M, Set Papers Inst Phys 6* Chem Res (Tokyo), 12, 69-81 (1929) 

"•Kerinen, J, Annates Acad Set Fennieae = Snomalatsen Ttedeak Toimtt (A), 13, No 8 
(1920) 

"> Sorge, E , Z Ceophys , 6, 22-31 (1930) 

"•Devaux^ J, Compt, rend, 185, 1602-1604 (1927). 
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The better of the recorded values for the density of ice-I at 0 °C and 
1 atm vary from 0 918 to 0916 g/ml. E. L Nichols has reported values 
indicating that the density is actually subject to such variations His values 
indicate that the density of freshly formed natural ice is 091795 g/ml; of 
natural ice 1 year old, 0 91632 ; and of artificial ice-mantles frozen by means 
of solid COg and ether, 0 91603 But H T. Barnes,®*® using ice from the 
St. Lawrence River, failed to find such great variation. He found for new 
ice 091662, for ice 1 year old 0 91648, and for ice 2 years old 091637, the 
mean of all being 091649 g/ml Although these v^ues indicate a slight 
progressive decrease in the density as the ice ages, the change in 2 years is 
only about 1/6 of that reported by Nichols for 1 year J. H Vincent ®*' 
also believes that he has shown “that the same specimen of water may 
assume different densities on freezing” The values he finds vary from 
09155 to 09163. 

At least a portion of the differences in the densities recorded is probably 
due to the fact that the water from which the ice was formed contained 
other substances in solution J Y. Buchanan has shown that, when ice 
forms in an aqueous solution, some of the solution is entrapi>ed between the 
crystals, and remains incompletely frozen so long as the temperature is 
above the cryohydric point This makes the apparent density too great 
The effect may be appreciable even when the solution is extremely dilute, 
as dilute as good distilled water (See Table 203 ) The pressure caused 
by the expansion attending the freezing of a portion of a volume of water 
entirely surrounded by ice will tend to keep the remainder of the volume 
in the liquid state, if the temperature is not far from zero. This also 
increases the apparent density. 

The subject of the variability in the apjiarent density of ice should be 
given careful study, using ice of various ages, from various sources, and 
frozen under various controlled and recorded conditions. Special atten- 
tion should be given to the possible effect of supercooling, of the presence 
of air, and of the size of the grains and its progress’ve increase, as reported 
by R Emden,®** not entirely forgetting the so-called “dense ice” reported 
by Cox (1904) and by Shaw (1924) (see Section 57). The effects of 
stresses, arising either from a difference in the expansions of ice and its 
container or from the expansion that occurs on freezing, should be con- 
sidered more carefully than they have been in the past. It might be worth 
while trying to use monocrystals, either grown directly or obtained by dis- 
integrating a carefully frozen sheet of ice by means of radiation And 
one should not forget the suggestion ®** that variations in the density may 

Nichols, E L, Phvs Rev, 8, 21-37 (1899) 

»> Barnes. H T, Idem. 13, 55-59 (1901) -•/’fcyjih Z, 3, 81-82 (1901) = Barnes, H T , and 
Cooke, H L, Trans Roy Soc Canada, III (2). 8, 143-155 (1902) 

s*' Vincent, J H, Phil Trans (A), 198, 463-481 (1902) -♦ Prof Roy Soc (London), 69, 422- 
424 (1902) 

Buchanan, J. Y, Proc Roy Soc Edinburgh. 14, 129-149 (1887), Nature, 35, 608-611 (1887), 
36, 9-12 (1887), Proc Roy Inst Grt Bntam, 19, 243-276 (1908) 

**Einden, R, Neue Denksehr d allgem schwnt Ces Naturmss , 33, 43 pp (1892). 
MEmeleus, R 1 , et at , J Chem Soc (London), 1934, 1207-1219 (1934). 
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arise from actual changes in the composition of the water, such as a concen- 
tration of deuterium oxide during the process of freezing ; even though the 
possibility of so concentrating deuterium oxide seems to have been dis- 
proved by the work of V. K. LaMer, W. C. Eichelberger, and H. C. 
Urey,*®® and of G. Bruni.*®® In the last two of these papers, Bruni dis- 
proves the contrary conclusion drawn in an earlier paper by G. Bruni and 
M. Strada.*®^ 

The more reliable determinations of the density of ice are listed in 
Table 200, where Kopp's distinctly abnormal value is also given. Those 
for natural and for artificial ice have been listed separately, simply because 
it has been suggested that they may differ. No such difference is at all 
obvious from the table. 

The values may, however, be assorted into three distinct groups One 
group includes the values obtained by C. Brunner *®® for river ice, by E. L. 
Nichols*™ for new ice, by L Dufour*®* for ice from boiled-out water 
frozen in air at a very low pressure, and by A Leduc **® for ice from which 
the air had been removed with great care The average of these values is 
0.9178, and the average deviation from this is 0 0002 

At the other extreme is the group of values obtained from direct 
measurements of the difference in the specific volumes of ice and of water 
This contains the unsatisfactory determination of H. Kopp,®*^ the essen- 
tially identical values (0.9157) obtained by Plucker and Geissler*®* and by 
H. Endo,*®* and the slightly higher ones (09160) found by J. H. Vin- 
cent*®^ and by Nichols*™ for artificial ice The mean, omitting Kopp’s 
value, is 0.9158 

The others fall into the third group, averaging 09165, and ranging 
from 09163 to 0.9166, the mean variation being about 00002 

The reason for such variations and for such a grouping of the values 
remains to be determined 

The values have usually been reported in terms of the density of water 
at 0 °C, and consequently differ slightly from the values here given. Still 
other changes occasionally seemed justified They are described in the 
following remarks concerning the several determinations 

J. Plucker and Geissler concluded that whenever the freezing occurs 
in the same way the density of the ice is always the same They used a 
unique type of thermometer having in the bulb a distinct, but communi- 
cating compartment for the water under study. The value tabulated has 

V K , EicheIbcrKcr, W C , and Urey, H C. / Am Chcm Soc , Si, 248-249 (1934) 
2014 n™34') ^ f®'*' “> (1934)—/ Am Chcm Sec , Si, 2013- 

•n Bruni, G , and Strada. M , Ibtd, 19, 453-4SS (1934) 

■•Brunner, C, Ann d Phys (Poeg ), M, 113-124 (1845) 

■• Dufour, L , Cornet rend , SO, 1019-1040 (1860) , 54, 1079-1082 (1862) 

■•Leduc, A, Idem, 142, 149-151 (1906) 

o“8"56f (l*SS)-*-4»» * chtm et Phyj 

•» Plucker. J . and Geiasler, Ann d Phyt. (Pogg.). Bi, 238-279 (263-279), (1852). 

■•Endo, H, Sc\, Rep. Tdhekn Imp Umv (t), 13, 193-218 (1924-25) 
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been derived from their determinations of the difference between the specific 
volumes of ice and water. With one exception, omitted in deriving the 
mean, their observations are exceedingly concordant. 

H. Kopp measured the expansion that occurs when water freezes, 
using tui^ntine as the dilatometric liquid. Although his dilatometer was 
closed with a cork, he obtained two closely agreeing values giving for the 
density 0.908 Like other determinations by this method, the value is 
lower than that found by any other method, but this particular value is 
undoubtedly too low. (In the French abstract the values given for the 
contraction are wrong ) 

L Dufour used a flotation method, and ice from boiled-out water 
frozen m a vacuum (air-pressure not over 0.5 mm-Hg). In the earlier 
work he used a mixture of alcohol and water, and found that a density of 
09175 g/cm® just below 0 °C was required to support completely sub- 
merged ice. This mixture was found to dissolve the ice slightly. In the 
later work, he used a mixture of chloroform and petroleum, worked between 
—05 °C and — 8°C, and accepted 0 000158 (°C)"^ as the coefficient of 
cubical expansion of ice Sixteen determinations of the density of ice at 
0 °C lay in the range 0 9168 to 0 9193 and averaged 0 9178 

The observations of R Bunsen vary linearly with the temperature 
(t) at which the water was frozen They may be represented by the 
formula d = 0 91663 — 0 000047t; the lower the temperature of freezing, 
the greater the density In how far this arises from the difference in the 
expansion of ice and of glass remains to be determined. The value corre- 
sponding to T = O is the one here tabulated. 

J. V. Zakrzewski ®®® used Bunsen’s method, but froze the water at a 
constant temperature not far from O "C The mean of three very closely 
concordant determinations of the density at —0701 °C, the temperature of 
freezing, gave d-oroi = 0916710 which reduces to do = 091661 g/ml if 
10*^ = 153 (see Table 202). A single measurement at — 4 720‘’C gave 
d -4 720 = 0916995 or do = 091633; if the temperature recorded as —4 720 
was actually —2 720, then do = 091661, agreeing closely with the mean of 
the three at —0.701 °C. The —47 °C value has not been entered in the 
table. 

E. L Nichols,®™ determined the density by w’eighing ice in air and in 
petroleum The highest value for the specific gravity with reference to 
water at 0 °C was 0 91808 for a recently formed, natural icicle ; the lowest 
was 091615 for an ice mantle frozen by means of ether and solid carbon 
dioxide, temperature about — 70°C. Other measurements of a tentative 
kind are described. 

J. H. Vincent,®*® using a novel device, weighed in mercury the buoyancy 
of water and of the ice formed from it. The quantity directly determined 
was the difference in the specific volumes The buoyancy of the ice was 
weighed at several temperatures in the range — 04'’Cto —10°C, and the 

w Bunsen, R , Ann d Phyt (Pogg ), Mi, 1-31 (1870) 

■“v. Zakrzewski, J, Ann d Phys (iVted)g 47f 155*162 (1892) 
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value at 0 "C was obtained by linear extrapolation. His values for the den- 
sity at 0 °C vary from 0.915460 to 0.916335 ; he took as the weighted mean 
0.9160. Two freezings of the same specimen of water gave densities differ- 
ing by 57 parts in 100000. He regarded this difference as real 

A. Leduc**® took great pains to remove all air from the water from 
which the ice was formed. For determining the density, he froze the water 
m a specific-gravity flask of the Regnault type The freezing proceeded 
gradually from the bottom up into the capillary; a mixture of ice and salt 
was used, the temperature being between —5“ and —10 ®C. 

Table 200. — Density of Ice-I at Atmospheric Pressure 

(Comments on the several determinations may be found in the text.) 

Dewar’s ( J. 1902) corrected (see text) value for — 188 7 “C is d.iss 7 = 
0936; this with the coefficient (Table 202) 10®j8 = 153 gives 0948 for the 
density at absolute zero (— 2731®C), which probably exceeds the true 
value. From do = 09166 and 10®;8 = 153 one derives d-iasj = 0.943 

The value accepted by J R Clarke ®®® for the density at 0 °C is do = 
09168 ± 0.0005 g/ml (ICT). 

dt = density at t°C, t°C is the temperature at which the ice was 
frozen, value for t = 0 °C is obtained by extrapolation 



Unit of rf *» 

1 «/ml = 0 999973 g/cm» 


Observer 

* 

Age 

Observer 


Notes 

Brunner (184S) 

091788 


Plucker and Geissler 






(1852) 

09156, 

Ch in vol 

Nichols (1899) 

09179.S 

New* 

Kopp (1855) 

0908 

Ch m vol. 

Nichols (1899) 

091632 

lyr 

Dufour (1860) 

09175 

Flotation 

Barnes (1901) 

091662 

New 

Dufour (1862) 

09178 

Flotation 

Barnes (1901) 

0 91648 

lyr 

Bunsen (1870) 

091663 

T = 0 

Barnes (1901) 

091637 

2yr 

vZakrzewski (1892) 

091661 

T= - 0701 




Nichols (1899) 

091603 

T - 70 




Vmcent (1902) 

09160 

Ch m vol 




Iz;duc (1906) 

0 9176 

T= —5 to - 




Endo (1925) 

09157. 

Ch in vol 


•Mean of three values Icicles 091804, 091789, and new pond ice 0 91792 g/ml 


H Endo *** determined the change in specific volume from observations 
of the buoyancy, in lamp oil (kerosene’) at various temperatures, of a silica 
vessel containing the specimen Tlie ice was frozen by means of a mixture 
of ether and solid carbon dioxide. 

J. Dewar weighed in air and in liquid air "pieces of clear ice cut 
from large blocks ’’ The density of the liquid air was determined in terms 
of that of liquid oxygen boiling under a pressure of 1 atm, assumed to be 
1.137 Thus he obtained for ice at —1887 °C the value 0930©, individual 


f London) 70, 237-246 (1902) = Chetn Nnos. 05, 277-279, 289- 
V\6-21^il90Sy •* Wewf, *1, 
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values ranging from 0.926a to 0.9332. Reducing tliis value to the basis of 
1 1447 for the density of oxygen under the stated conditions, we find 
0.936o. It is interesting to note that this is only 0.75 per cent less than 


Table 201. — Densities and Specific Volumes of the Ices at their 

Melting-points. 

(For change in volume on transition of ice to ice, see Table 271 ) 

The following data have been obtained by combining those (Bridgman’s) 
in Tables 95 and 271, interpolating or extrapolating the water data where 
necessary. 

d = density, v* = specific volume, tnf> °C = melting point correspond- 
ing to P. 


Type 
of Ice 

I 


III 


V 


VI 


VII' 


tJmt of P 

•= 1 atm =■ 

1 0132S megad^ae/cm*. 

of d = 1 g/ml; 

of V* — 1 ml/g 





Ice . 

> Water — — v 


mp 

P 

di 

fj* 

d„ 

r 

]0<(f<l* — »•*) 

00 

1 

09168 

10908 

0 9921 

10008 

+900 

-50 

590 

0 9297 

10756 

10267 

0 9740 

+ 1016 

-100 

1090 

0 9397 

10642 

10504 

09520 

+ 1122 

-ISO 

1540 

09444 

10589 

10671 

0 9371 

+ 1218 

-200 

1910 

09481 

10547 

1 0830 

0 92.34 

+1.31.3 

-220* 

2045 

09483 

10S4S 

10878 

09193 

+ 1352 

-170 

3420 

11S95 

08624 

1 1293 

08855 

-231 

-170* 

3420 

1 1609 

0 8614 

1 1293 

0 8855 

-241 

-185 

2820 

1 1513 

0 8686 

1 1127 

0 8987 

-301 

-200 

2430 

1 1476 

08714 

1 1101 

0 9085 

-.371 

-220* 

2045 

11459 

08727 

1 0878 

0919.3 

-466 

016* 

6175 

12657 

0 7901 

1 1865 

0 8428 

-527 

00 

6160 

1 2653 

0 7903 

1 1862 

08430 

-527 

-50 

5270 

12596 

0 7939 

1 1707 

0 8542 

-60.3 

-100 

4360 

12488 

0 8008 

1 1511 

08687 

-679 

-150 

3680 

12421 

08051 

1 1357 

0 8805 

-754 

-17 0‘ 

3420 

1 2396 

0 8067 

1 1293 

0 8855 

-788 

-20 0 

3040 

12338 

08105 

1 1194 

0 8933 

-828 

+40 0 

11990 

1 3616 

07344 

1 2604 

0 79.34 

-590 

+■300 

10250 

13528 

07392 

12415 

0 8055 

-663 

+20 0‘ 

8710 

1 3492 

07412 

1 2250 

0 816.3 

-751 

+ 150 

8040 

1.3464 

0 7427 

1 2158 

0 8225 

-798 

+100 

7390 

1 3430 

0 7446 

1 2063 

0 8290 

-844 

+50 

6880 

13407 

07459 

1 1986 

0 8343 

-884 

+016* 

6175 

1 3312 

07512 

1 1865 

08428 

-916 

00 

6160 

1 3.308 

0 7514 

1 1862 

0 8430 

-916 

-SO 

5620 

13236 

07555 

11774 

0 8493 

-938 

-100 

5110 

1 3158 

07600 

1 1682 

0 8560 

-960 

-150 

4640 

1308 

0765 

1 159 

0 863 

-980 

200 

48400 

167 

060 





•Triple point, water and two ices 

* At 25 0 °C the melting’ pressure is 9630 bars { =9504 atm) and vi* — Vw* = ~ 
00714 cmVg. Bridgman’s value being —00707.” 

' The data for water needed for the computation of the densities arc not available , 
values of (vi* — v»*) are given in Table 271 This value for vi is from P. W 
Bridgman ” 


WICT, Int cm Tables, i, 20 (1928) 
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tliat computed on the assumption that the mean coefficient of expansion 
between 0 and — 190®C is equal to the coefficient (153 X lO"®) found 
near 0 ®C. 

No comments need be made regarding the other determinations ; refer- 
ences for them have already been given. For discussions of the experi- 
mental values, see E. L. Nichols,®™ H. T. Barnes and H. L. Cooke,®®® and 
W. A. Roth.®»® 

Densities of the Ices not at their Melting-points. 

In addition to values that may be derived from the compressibilites, the 
coefficients of thermal expansion, and the specific volumes, the following 
values have been reported. 

Ice-II. From x-ray data for ice-II at — ISS ®C and atmospheric pres- 
sure the density 1.21 g/cm* has been derived.®®® 

Ice-III. From x-ray data for ice-III at — 155°C and atmospheric 
pressure McFarlan has concluded that the density is 1.103 g/cm® ®®® 

Ice- VI. L. H. Adams®®® has reported the following values for the 
specific volumes of ice- VI (»i*) and of water (»»*), each at 25 0°C and 
under the indicated pressure : 


Pa 

7000 

8000 

9000 

10,000 

11,000 

12,000 

bars 

P 

6890 

7895 

8882 

9869 

10,856 

11,843 

atm 


8402 

8278 

8166 

8059 

7964 

7876 

cmVg 

Wv,* 

7509 

7463 

7417 

7371 

7325 

7279 

cm’/g 

rf. 

13317 

13399 

13482 

1 3567 

13652 

13738 

g/cm* 


(See alio Table 201) 


Thermal Expansion of Ice (Cubical). (For linear expansion, see next 

Section.) 

In the reports of the Vega expedition, O Pettersson ®®* gives data indi- 
cating that the thermal coefficient of cubical expansion of ice is about 
170 X 10"® per 1 °C if the temperature is not above —3 °C. and decreases 
as the temperature rises above that point, becoming negative (i e„ there 
is a contraction) as the melting point is closely approached. The purer 
the water from which the ice is frozen, the smaller is the variation in the 
coefficient, and the nearer to the melting point does the contraction first 
appear. 

This strange behavior, which may account in part for the conclusion of 
O. Fort ®®® that the early observations of A. Petzholdt ®®® indicated that ice 

“"Barnes, H T, and Cooke, H L, Tnnt Roy Soe Canada, III (2), S, 143-155 (1902) 

Roth. w. A , Z phytik Chem , Si, 441-446 (1908). 

“o aarke, J R . /»(. Cnt TaJbUi, 3, 43 (1928) 

«■ McFarlan, R L., / Ckem'l Phyi , 4, 60-64 (1936) -e Pkyi Rev (2), 49, 199 (A) (1936). 

“McFarlan, R L, / CHtm'l Phyt , 4, 253-259 il9i6)-*Phyi Rev (2), 49, 644 (A) (1936). 

“Adama, L. H, / Am. Chem Soe, S3, 3769-3813 (1931). 

“ Bridgman, P. W , 3 Ciiem'f Phys , ^ 964-966 (1937). 

“ Petleraaon, O , BtM. Aim. d Phyeik, 7, 834-841 (1883). 

“Foil, O., Ann. d. Phyeik (Pogg.), «, 300.303 (1849). 

“ Petiholdt, A , “BeKrige zur Geognoaie von Ty^," 1843. 
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expands as the temperature falls, is thus accounted for by J. Y. Buchanan : 
The ice formed from a dilute solution contains no salt, but some of the 
solution is entrapped between the crystals. Ice separates from that solution 
until the concentration of the solution has risen to such a value that the 
existing temperature is that at which there is equilibrium between the 
solution and ice. Thus the volume of liquid enclosed by the ice varies with 
the temperature, but is never zero so long as the temperature is above the 
cryohydric point. The actual change in volume as the temperature rises 
is the resultant of two effects: (a) the expansion of the ice; (b) the con- 
traction attending the melting that is required to adjust the concentration 
of the entrapped solution. Above some temperature, the latter overbalances 
the former. This explanation assumes that the overall volume of a block 
of ice follows the changes in the volume of the entrapped material. 


Table 202. — Isopiestic Coefficient of Cubical Expansion of Ice 


For ice-VI, P. W Bridgman has stated that within the range 0 to 
20 “C = 120 X 10-« (cmVg) per 1 “C 


Values for ice-I are tabulated below 


A’ 


with the exception 


of Pettersson’s observations (see text), jS seems to be essentially inde- 
pendent of t ; the pressure is nominally 1 atm. 


Unit of p 

= 10 ’ per 1 ‘C 

Temp «= ( “C 


Observer 

Year 

e 

Range of t 

Brunner *“ 

1845 

122 

-08 to -195 

Plucker and Gcissler*” 

1852 

1.5.5* 

0 to —24 

Pettersson 

1883 

170 

t beloiv* —3 

V, Zakrzewski 

1892 

77 

-07 to -4 7 

Vincent 

1902 

152 

-04 to -10 

3 X linear coefficient ' 


155 

0 to —20 

Value of choice 


153 



*In taking the mean, one value (170) has been omitted 

• See p 468 

• See Table 204. 


He showed, by calculation, that the contraction observed by Pettersson 
in the case of ice formed from ordinary distilled water is the same as that 
which arises in the manner just indicated when the ice is formed from a 
solution of sodium chloride that is so dilute as to contain only 7 grams of 
Cl per 10® grams of water (Table 203). He also calculated, for various 
concentrations, the temperature at which the apparent volume of the ice 
is a maximum, and the amount of liquid then contained in it (Table 203). 
If the solution contains 1 part of G to 10® parts of water, the maximum 
apparent volume occurs at nearly a quarter of a degree 'below 0 “C ; this 
solution is “in the category of distilled waters.” 

Apparently, no other investigator of the density or of the thermal dilata- 
tion of ice has either recorded an apparent contraction of ice as its rising 
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Table 203.— Specific Volume of Ice from Dilate Solutions 
Adapted from J. Y. Buchanan.®^® 

The solute is NaCl. C = concentration of the solution at 0 °C ; = 

volume at 0 °C of the solution that goes to the formation of ice of volume V 
at the indicated temperature (t or t«) , w© = volume at 0 °C of the unfrozen 
brine contained m V. Let and denote the coefficients of cubical expan- 
sion of ice and of water, respectively , p© = r^itio of the density of ice at 0 °C 
to that of water at the same temperature , and k s w^/W © ; ft is independent 
of Wo, but depends upon C and t in such a way that X^kt/C varies but 
slightly. Hence a close approximation to ft for any pair of intermediate 
values of t and C can be obtained from the values of X tabulated below. 
PoV = PT© [1 - ft(l - po) + + ft(po/Ji - )8))P] : the relative contrac- 

tion due to incomplete freezing is (Wo — poV)/Wo = ^ Taking p© = 
09169, 10«/3 = -I- 153, 10«y3i = - 194, we have 

09169P^ = Wo fl - 0 0831ft -1- (10-«)(153 - 331ft)t] 

Replacing ft by its equivalent \C/t, regarding X as co nstant , and solving the 
equation (6V/^t)\o = 0, one obtains fm = — 23 i^Z—XC for the temper- 
ature at which F is a maximum. 

(V/Wo)y = value of VfWo observed by Pettersson for ice formed 
from ordinary di.stilled water. 

(In deriving the following values, Buchanan used for p©, p, and fix, 
values that differ slightly from those j ust g iven; in particular, he took 
10®)3 = 160, which gives t™ = — 2275y/—XC ) 


Unit of C = 1 g-Cl per megiRrani of water — 0 0000282 gfw-NaCl per kg of water , 
of X — 1 "t /(I g-Cl per g water) 


t 

loot 

c -- 7 
r/M„ 


- X” ‘ 

-0 07 

1000 

108979 

108980 

100 

-010 

0 700 

109006 

109007 

100 

-O.IS 

0 467 

109028 

1 09038 

100 

-020 

0 350 

109057 

109048 

100 

-040 

0175 

109054 

1 09057 

100 

C 

im 

loot 

10004 

- X* 

10000 

-20 5 

573 

7 51 

118 

5000 

-166 

3 37 

546 

112 

2500 

-10.75 

246 

3 60 

106 

1250 

-78 

1 60. 

248 

100 2 

1000 

-70 

1420 

222 

994 

500 

-49 

1000 

156 

980 

250 

-35 

0695 

1 11 

97 3 

125 

-255 

0469, 

0 77 

95 8 

100 

-2.3 

04183 

070 

96 2 

10 

-0 725 

01363 

022 

988 

1 

-0.2275 

00438 

0 07 

997 

01 

-00725 

001377 

002 

998 

001 

-0 02275 

0004306 

001 

980 


• These values of X have been derived from the tabulated values of C, I or f«, and ft, 
which have been taken from Buchanan's paper. 
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temperature approaches O^C, or considered the effect discussed by 
Buchanan. That effect (the inclusion of unfrozen liquid) has however 
been considered, and seemingly observed, by A. W. Smith and by H. C. 
Dickinson and N. S. Osborne®®® in their determinations of the specific 
heat of ice. 

Other determinations of the cubical expansion of ice are those of 
C. Brunner using natural ice and hydrostatic weighings ; of J Plucker 
and Geissler ®®® using an ingenious double-bulb thermometer ; of J. v Zak- 
rzewski,®®® who, using Bunsen’s method for determining the density, 
obtained for the coefficient a value that is only half as great as that found 
by others; and of J. H. Vincent®®^ using a novel hydrostatic method 
(Table 202.) 

Sir James Dewar has inferred that the coefficient decreases as the 
temperature is greatly reduced, from the fact that ice at 0 °C cracks m all 
directions when dropped into liquid air ( — 1887 °C), but ice that has been 
slowly cooled to — 188 7 °C does not crack when it is dropped into liquid 
hydrogen (— 252 7°C). This conclusion accords with the recent deter- 
mination of the linear expansion by M. Jakob and S Erk (1928), see 
Table 204, 

Compressibility of Ice. 

Ice-I . — In his compilation, L H Adams'” gives the value obtained by 
T. W Richards and C h Speyes for the isothermal compressibility of 

ice-I, namely y = — = 12 X lO"® per bar at —7 “C and 300 bars. 

Those authors stated that the value of y between 300 and 500 bars is prob- 
ably not over 3 per cent less than it is between 100 and 300 bars (1 bar = 

1 megadyne/cm® ; they called it a megabar, thus departing from inter- 
national custom.) 

In contrast to this, P W Bridgman computed from his observations 
that at 0 °C and 1 atm y = 37 X 10’® per bar, a value 3 times as great as 
the former. Richards and Speyers®‘® state that Bridgman lias admitted 
that his calculated value is untrustworthy, and, on their suggestion that the 
difference may in part be due to y having a large temperature coefficient, he 
recalculated y obtaining the following values for 10®y ■ 0 °C, 33 ; —5 °C, 23 , 
—7 ®C, 21 ; —10° C, 19; —15 °C, 18 These are still much greater than 
theirs. They state that Bridgman agreed with them m thinking that the 

•“Smith, A W, Phyi Rev (2). 17, 193-232 (1903) 

•“Dickinson, H C , and Osborne. N S, Bull Bnr of Stand, 12, 49-81 (S248) (1915) 

Brunner, C, Ann d Pkysik (Pogg ), W, 113-124 (1845) 

Dewar, Sir Jnmcs,Proc Roy In^i Grt Brttain, 17| 418-426 (1903) — Ckem News, 91, 216- 
219 (1905) 

Bridgman, P W, Froc Am Acad Arts Sa, 48, 307-362 (1912) 

Buchanan, J Y, Proe Roy Inst Grt Bnt , 19 , 243-276 (251, 257) (1908) 

«« Adams, L H , Int Crtt Tables, 3, 49-51 (50) (1928) 

■^Richards, T W, and Speyers, C L, /, Am Chem Soe , 36, 491-494 (1914) 

■^Bridgman, P. W, Proc, Am Acad Arts Sci, 47, 439-558 (1912). 
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discrepancy may be due to a softening of the ice just before melting, (Is 
this a reference to the phenomenon discussed by Buchanan, p. 469?) 

Ice-VI. — P. W. Bridgman p- found for ice-VI the value : 
— (dv*/dp)t = 4.6 X 10^ cm*/g per bar, essentially constant throughout the 
ranges 0 to 20 °C and 6000 to 10,000 kg*/cm®. (In the Intematiowd 
Critical Tables,^ this value is incorrectly recorded as what is here denoted 
by y.) Bridgman now thinks that that value is probably too high, but he 
has not yet obtained consistent values for the compressibility at these high 
pressures for either ice-VI or water."^ 

Ice-VII. — Mean compressibility of ice-VII between 45,000 and 50,000 
kg*/cm® is about 3/4 of that between 20,000 and 25,000 kg*/cm®; on 
increasing the pressure from 20,000 to 45,000 kg*/cm® the specific volume 
of ice-VII decreases by 0.039 cm®/g ; at 50,000 kg*/cm® and room temper- 
ature the specific volume is about 0.^ cm®/g.*^^ 

68. Coefficient of Linear Expansion of Ice 

As ice is a crystalline substance, it is to be expected that its thermal 
coefficient of linear expansion (a ss (dl/lodt), where I = length, t = tem- 
perature, p = pressure) will vary with the angle between I and the optic 
axis. No data on the expansion of single crystals of ice have been found, 
but curves representing such data for zinc, which also crystallizes in the 
hexagonal system, have been obtained by Gruneisen and Goens, and repro- 
duced by M. Jakob and S Erk.®** They indicate that the expansion of 
zinc in the direction of the hexagonal axis is much greater than it is trans- 
verse to that axis, and that in the latter direction the expansion is negative 
when the temperature is very low. 

The only satisfactory senes of determinations of a for ice over a con- 
siderable range in temperature is that of Jakob and Erk.®*® They used rods 
of ice frozen slowly in paper tubes, the freezing proceeding radially from 
outside in. Polariscopic examination gave no indication of any regular 
orientation of the axes of the constituent crystals, but the variation of at 
with t was strikingly similar to that for zinc in which / is perpendicular to 
the optic axis; whence, the authors concluded that the axes of the con- 
stituent crystals had a pronounced radial component. 

The only other determinations for specimens in which the crystals were 
thought to have been oriented fairly uniformly are those of C. A. v. Schu- 
macher,»»» of Pohrt,®*® and of A. Moritz,®*^ summed up by W. Struve,®*® 
quoted by H. Moseley,*®* and extending the work of W. Struve.*®* They 
indicated that at is essentially independent of the direction of the optic axis. 

tVol 3, p 50. 

Bridgman. P W., J Ckem’t Pkyt , i, 964-966 (1937) 

0928)^*^ «3-«».-rrc*n. R,tcksana . 12. 301-316 (1928-29) = Z 

»“v Schumacher, C A, Mtm Acod St. Pttmhnrg, Matk-Pkyt (6), 4, 307-357 (1847). 

*** Pohrt, Pobliahed with thow of Iforits (1847) 

■t Hontx, A., Idem, 4, 358-384 (1847). 

■•Straw, W., Idem, 4, 294-306 (1847). 
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Other frequently quoted determinations are those of E. L. Nichols ; 
of T. Andrews, distributed from 0 to — 34 5°C and represented by 
10*8 = 88.79 + 3 800t + 006654#*; and the very erratic ones of \V. H. 


Table 204.— Thermal Coefficient of Linear Expansion of Ice 

(For coefficient of cubical expansion, see Table 202.) 

The only satisfactory determinations are those of Jakob and Erk ( 1928) ; 
the others here given are frequently quoted. 

Values in parentheses have been computed by means of the appropriate 
equation given in the text. The specimen used by Andrews was frozen m 
a cylinder having a height equal to its diameter (2 ft) ; A and R indicate 
that the direction of the observed expansion was axial and radial, respec- 
tively. 6 = assumed angle between the optic axis and the length (Z) of the 
specimen ; Vbl indicates that 0 is variable, and that the axes are irregularly 
distributed. 

3 = -y-f -'7^ . = YTt of Z at 0 °C. 

A) \ ^t /p “ M / 

Unit of a and of Om — 10“* per 1 ®C Temp ^ *0 


Jakob and Erk (1928) *** 







< 0 

t a 

t 

a 

t 

a t 

a 


a 

0 52 7 

-50 45 6 

-100 

339 

-150 

16 8 - 200 

+0 8 

-2.50 

-61 

-10 517 

-60 43 7 

-110 

.306 

-160 

13 0 -210 

-1 3 



-20 SO 5 

-70 41 S 

-120 

27 3 

-170 

9 5 - 220 

-3 3 



-30 490 

-80 39 2 

-130 

239 

-180 

6 3 -230 

-4 5 



-40 47 4 

-90 36 7 

-140 

204 

-190 

3 3 -240 

-5 5 



Observer 

e 

fjr 

U 

Cim 


Andrew) 



V Schumacher 

sni' go* 

-12° 

-27 5° 

514 

' 9 

h 


am 

Pohrt 

90 

-1 1 

-26 8 

51 1 

VblR 

0 

-89 

73 6 

Moritz 

0 

-17 

-28 5 

518 

VblR 

-89 

-178 

503 

Struve *“ 

Vhl 

-1 2 

-27 5 

53 0 

VblR 

-178 

-29 5 

369 

Nichols ““ 

Vbl 

-8 

-12 

540 

VblR 

-29 5 

-34.5 

35 5 

Sawyer 

Vhl 

0 

-18 

(53 0) 

VblR 

-1 

-28 

(517) 

Sawyer 

Vbl 

-1 

-28 

(428) 

Vbl R 

0 

-18 







Vbl A 

0 

-178 

370 


Sawyer,’** quoted by H T. Barnes, J. W Hayward, and N M. McLeod,**® 
covering the range —8 to —20 "C, and approximately represented by 
10*3 = 69 6 -I- 1 85/ Neither of the last two sets accords well with the 
values obtained by others , each is represented by a graph in the compilation 
byj R Clarke*** 

From x-ray studies at 0 °C and — 66'’C, H D Megaw®*® has con- 

*» Moseley, H , Phil Mag (i), 39, 1-8 (1870) 

Struve, W, Ann d Phys%k (Pogg ), 6^ 296^300 (J845) 

“NicholH, E L, Phys Rev. 8, 184-186 (1899) 

■“Andrews, T, Proc Roy Soe (London). 40, 544-549 (1886) 

■“Sawyer, W H, Proc Matne Soe Ctv Eng, I, 27 (1911) 

■“Barnes, H T, Hayward, J W, and McLeod, N M , Trans Row 9or Canada III (3), 
29-49 (1914) 

■•Clarke. J K, ltd Crti Tables, 3, 43-45 (41) (1928) 

■•Meffair, H. D. Natur*. 134. 900-901 (L) (1934) 
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eluded that the base (o) and the height (c ) of the unit cell of ice have the 
following values: a — 4.S13SA and c = 7.3521A at 0 °C, and a = 4.5085A 
and c = 7.338A at —66° C. These give for the mean coefficient of linear 
expansion (a«) between these temperatures the values 10®am = 17 for a 
and 29 for c, which are much smaller than would be inferred from any of 
the measurements on ice in bulk that are given in Table 204. 


69. Thermal Energy of Ice-I 


This section is devoted to the following types of data for the ordinary 
type of ice (ice-I) : the isopiestic specific heat (Cp), the enthalpy or heat 
content {H =E + pv ) ; the “free energy at constant pressure” (G = H — 
ST) ; and the entropy (5'). No determination of either the heat of iso- 
thermal compression or the Joule-Thomson coefficient has been found for 
ice. 



Specific Heat of Ice. 

In order to obtain the true specific heat of ice, proper allowance must 
be made for the progressive melting caused by the presence of included 
water contaimng ffissolved impurities Such inclusion is always present 
and gives rise to an apparent specific heat which exceeds the true, the 
excess increasing rapidly as 0 “C is approached Even with the purest 
water used by Dickinson and Osborne, its effect was appreciable at — 5 °C, 
and became very marked above —05 °C. Eveiy nominal determination 
of the true specific heat of ice is to be regarded with suspicion unless the 
observer has clearly shown that this effect is negligible in his case, or has 
properly corrected for it. As early as 1904, A. D. Bogojawlensky had 
concluded that the specific heat of a pure crystal is linear in the temperature. 

Here we sliall distinguish between the apparent specific heat (Co) of ice 
and the true specific heat (c) which would be found were the ice perfectly 
pure. Obviously, the former will vary with the specimen, and the latter 
must be derived from the former. Apparently the only observers who 
have attempted to derive c from their own determinations are Dickinson 
and Osborne,*®* who used four samples of very carefully purified water, and 
carried out the work with a precision unattained as yet by others. Over 
the range covered (—0 5 to —40 °C) they found that their results can be 
expressed by the formula Ca = a bt — d/t^ in which d varies with the 
specimen, but a and b do not. Hence, they regarded a -F bt as the value 

•“See Person, C C, Ann. i* cktm it pAw. (3), 30, 73-81 (18S0), Buchanan, J Y®*, Smith, 
A, W, Phyi Rtv (2), 17, 193-212 (1903), Oickmm, H C., and Osborne, N S’® 

•“e Bocojawlensky, A. D , Sehrift, Natur. Gn Vmv Jurjitf (Dorpat), 1904. 
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of c, and interpreted d/L, which decreases rapidly as the purity is increased, 
as the initial freezing-point of the solution obtained when the specimen is 
completely melted, L being the lateit heat of fusion of ice at 0 "C. For 
the specimens used by them, d/L = - 0 00125, -0.00120, -0 00095, and 
—000005 ‘"C, respectively. 

The best extended series of observations covering the range —2.9 to 
-189 5 °C is probably that of Nemst and his associates.®’® They represent 
their data by the formula Ca = a + bt - d/t, in which the last term varies 
as l/t, whereas that in the Dickinson and Osborne formula varies as 1/t- 
Their precision was not as high as that of Dickinson and Osborne. 

Still lower temperatures ( — 189 to — 250 6®C) are covered by the 
observations of F. Pollitzer.®’® At such low temperatures Ca = c excqjt for 
experimental errors. 

These and earlier observations were considered by T. H. Awbery in the 
derivation of the two values given for ice in his compilation.®®^ 

A second set of values is given by W H and E. K. Rodebush ®®® They 
have been computed by means of a formula, apparently unpublished, that 
was fitted to the observations of F. Pollitzer”® and of Nernst (as quoted 
by Pollitzer) and made c = 0 at 0 “K. 

More recent determinations of Ca have been published by O Maass and 
L J. Waldbauer ®®® and by W H Barnes and O. Maass.®®^ These values 
are exactly those quoted by H T Barnes ®®® and credited by him to “Maass 
and Barnes, W. H , 1927 ’’ The first covered the range —3 to —182 7 "C , 
the second, involving refinements in the melhotl, covered the range —2 6 to 
— 78 6 °C In each case, the quantity measured was the total heat required 
to convert ice at —ti °C to water at -f ta ‘’C; t> was 16 5 “C in the first and 
25 °C in the second The quantity actually measured much exceeded the 
amount of heat accounted for by the specific heat of ice ; consequently the 
precision with which the specific heat and its variation can be determined 
from those data is much lower than the precision of the data themselves 
Only the latter precision is stated, which in the second article is said to be 
=*=005 per cent or better Actually, that is merely the precision of repro- 
ducibility for the same specimen under nominally identical conditions. No 
data are given from which any other precision can be determined In each 
case, only a single specimen of ice seems to have been used. 

The total heat (H) required to change the specimen from ice at t ®C 
to water at 16 5 °C (25 °C in the second) was represented by a formula of 
the t3q)e H = a + bt + dfi e/® and c„ was obtained by differentiating 
that equation, giving Ca= — b — 2dt — 3ef*. Although no great precau- 


Nernst, W, Xoref. F, and Lindemann, F 
(19101; Nemst, W, Idem, 1910, 262-282 (1910) 

“Pollitzer, F., Z EUktroch, 19, 513-518 (1913). 

“Awbery, J H , /«t Cnt Tables, 5, 95-105 (95) (1929) 

“ Rodebush, W. H., and E K , Idem, 5, 89 (1929) 

“Maass, O, and Waldbauer, L J, / Am Chem Soc , 47, 1-9 (1925). 
“ Barnes, W. H , and Maass, O , Can J Res , 3, 205-213 (1930) 

“ Barnes, H. T , “lee Eagineerintr," p. 3a 1928. 


A, Sifr Preus Akad fVtss , 1910, 247-261 
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tion was taken to ensure the purity of the water (ordinary distilled water 
was redistilled from an all-platinum still) there is nothing in the formula- 
tions to indicate any excessive increase in as t approaches 0 °C, but those 
observations lying not below — 110 °C in the first series can be satisfactorily 
represented by a formula of the type used by Dickinson and Osborne, 
d/L being taken as — 0004S °C. The observers were of the opinion that 
at temperatures not exceeding —2 6 “C the ice was completely frozen, and 
consequently Ca — c That opinion is not consistent with the observations 
either of Dickinson and Osborne or of Nernst, who used the best conduc- 
tivity water. Actually, the precision with which they have determined the 
small quantities from which and its variation have to be derived is much 
lower than they seem to have realized. It may be very conservatively 
taken as A/A where A is the excess of the observed value of H over that 
defined by their formula, and A is the excess of the observed value of H 
over that at 0 as defined by the formula; in accordance with their point 
of view, A is the heat required to raise the ice to 0 °C without melting it ; 
the values of A, and they alone, are involved in the determination of Ca and 
its variation. All their values of A and of A are given below; it will be 
noticed that for no observation at a temperature exceeding —11 °C is A/A 
less than 1 per cent of A. 


« 

— Maass 

//oba 

and Wa 
h 

1 

1 

m ' 

t 

— Barm 
ffoh» 

» and III 
h 

toass — 
A 

m ' 

-318 

97 50 

166 

+012 

+ 72 % 

-260 

105 69 

124 

-003 

- 24 % 

-286 

109 37 

13 53 

+008 

+ 0.6 

-460 

106 73 

228 

+005 

+22 

-58 6 

12206 

26 22 

-Oil 

-04 

-1015 

109 40 

4 95 

+0 05 

+ 10 

-786 

129 86 

34 02 

-024 

-07 

-1517 

11175 

7 30 

+0 03 

+0 4 

-1100 

14125 

45 41 

+023 

+05 

-19 99 

113 95 

9 50 

-0 03 

-0 3 

-138 7 

149 45 

53 62 

+0 34 

+06 

-25 01 

116 31 

11 86 

+0 01 

+01 

-1827 

15816 

62 32 

+0 08 

+01 

-30 05 

118 69 

14 24 

+011 

+0 8 






-5005 

12728 

2283 

+0 02 

+01 






-78 57 

13821 

33 76 

-004 

-01 


In Table 205 the values of Ca as defined by the two formulas are cnm- 
l>ared. One might expect that the somewhat lower accuracy of the earlier 
work would be in large part offset by the much greater range of tempera- 
ture over which the observations are spread, but the two formulas lead to 
markedly divergent results Even at — SO^C they differ by 7 per cent, 
the more recent giving the lower value The observers’ suggestion that a 
contributing factor to such divergence is the fact that the sublimation point 
of solid CO 2 was taken as — 78 2 °C m the earlier paper instead of as 
— 78 5 °C is not satisfactory, because according to their own formulation 
that change in temperature will change Co by less than 02 per cent, which 
is negligible as compared with 7 per cent 

Until such marked discrepancies shall have lieen satisfactorily explained, 
confidence cannot be placed in either formula. This is especially unfor- 
tunate because the earlier work was in part intended to serve as a check 
upon the accuracy of similar measurements made upon other substances. 
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Table 205. — Apparent Isopiestic Specific Heat of Ice 

The apparent specific heat of ice (to) exceeds the true (c) on account 
of the presence of impurities (see text) ; it varies from specimen to speci- 
men. The best determinations are those of Dickinson and Osborne (DO), 
who found that Ca = 0 5057 -t- 0001863f — 79 75d/f* calgo/g'’C, where 
d = initial freezing point of the completely fused ice. Their values of d 
varied from — 0.(W005 to — 0 00125 °C; if the impurity were NaCl and 
d were —0.000062 the concentration would be 00001 per cent by weight. 
Their observations did not extend below — 40 ®C. 

Nernst and his associates extended their observations (N) to —189 °C 
and represented them by the formula Ca — 0.4702 + 0.01 532f — Q77tlt, 
Pollitzer’s observations (P) covered the range —189 to — 250.6 ”0. 
The observations of Maass and Waldbauer (MW), and of Barnes and 
Maass (BM) were represented, respectively, by = 0485 -I- 0000914# — 
5.46(10-«)<* and r* = 048733 + 0.0009325# - 9 828(10-®) < 2 . For reasons 
stated in the text, implicit confidence cannot be placed in those values 
Excepting Pollitzer’s, the values in Section I have been computed from 
these 4 equations, those lying beyond the range of the observations being 
enclosed in parentheses; (BM — 

The values of C in Section II have been taken directly from the paper 
cited , conversion has been made by the compiler 


Unit of Cm" 1 cal« per p 'C =■ 4 181 joules per g “C, of 8 - 1% 

I. Various determinations. 


Ref*-* 

ill-* 

^ -0 006 

— DO » 

-0 0006 

0 ooooe' 

N, P 

MW 

BM 

A 

t 

0 




N 

0485 

0 487i 

-t-04 

-s 

0 51SS 

04983 

04966 

06180 

0 480 

0 482< 

+04 

-10 

04919 

04876 

0 4871 

0 5326 


0 477. 

+04 

-20 

04696 

04685 

04684 

0 4784 

0 464 

0464, 

+02 

-.30 

0 4503 

0 4498 

0 4498 




-07 

-40 

0 4315 

0 4312 

04312 

0 4283 


0 434, 

-14 

-60 

(0 3940) 

(0 3939) 

(0 3939) 

0 3913 


0 396, 

-34 

-80 

(0 3568) 

(0 3567) 

(0 3567) 

0 3571 


0 349, 

-7 1 

-100 

(03194) 

(03194) 

(03194) 

0.3248 

0339 

(0295.) 

-127 

-120 


(02821) 


02929 

0 297 

(0 233ii) 

—21 2 

-140 


(02449) 


02612 

0250 

(0 164.) 


-160 


(02076) 


0 2299 

0199 

(0086.) 


-180 


(0 1704) 


01987 

0144 

(0001,) 


-189 




P 

0186 




-200 


(01331) 






-213 7 




0130 




-2223 




0110 




-2301 




0098 




-23S4 




0085 




-239.2 




0070o 




-2448 




0048. 




-2487 




0037. 




-250.6 




0030. 
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Table 205 — (Continued) 

II. W. F. Giauque and J. W. Stout.®** Mole fraction soluble impurity 
estimated to be 3 X 10-« Unit of C = 1 cal/g-mole-®K; molecular weight 
taken as 18.0156; 1 cal = 4.1832 Int. joules. 


0 •€ = 273 1 

®K Temp 

= t"C = r“K Unit of 

cs = 1 cal/g 

T 

t 

C 


10 

-2631 

0.066* 

0.0037 

20 

-2S31 

0490 

00272 

30 

-2431 

0984 

0 0546 

40 

-2331 

1.466 

0 0814 

.SO 

-223 1 

1896 

01052 

60 

-2131 

2304 

0.1279 

70 

-2031 

2 701 

01499 

80 

-1931 

3075 

01707 

90 

-183.1 

3448 

0.1914 

100 

-1731 

3 796 

02107 

no 

-163.1 

4130 

0 2292 

120 

-1S31 

4 434 

0 2461 

130 

-1431 

4 728 

02624 

140 

-1331 

4 993 

02772 

ISO 

-1231 

5 265 

02922 

160 

-1131 

5 550 

0 3081 

170 

-103 1 

5 845 

0 3244 

180 

-931 

6.142 

0 3409 

190 

-831 

6438 

03574 

200 

-731 

6744 

03743 

210 

-631 

7 073 

03926 

220 

-531 

7 391 

04103 

230 

-43.1 

7 701 

0 4275 

240 

-331 

8103 

0.4448 

250 

-231 

8 326 

0 4622 

260 

-131 

8642 

04797 

270 

-31 

8960 

0.4974 


* References 

BM Barnes. W H . and Maass, O ^ 

DO Di^inson, H C , and Osborne, NS®® 

MW Maass, O , and Waldbauer, L J ™ 

N Nemat, W.. Koref, F , and Lmdemann, F A and Ncrnst, W 
P PolliUer, F “ 

* For these values, 1 cal* = 4 183 joules, the value used by tlie authors in trans- 
lating their electrical measurements into what they call calss 

' This value for 10 "K has been derived by Giauque and Stout from the following 
values obtained in 1923 by Simon and privately communicated to them: 


T 

9 47 

9 88 

1046 

1135 

1155 

1210 

12 8S*K 

t 

-26363 

-263 22 

-262 64 

-26175 

-261 55 

-26100 

-260 25 "C 

C 

0056 

0063 

0 075 

0096 

0.102 

0118 

0141 

c. 

0 0031 

00035 

0.0042 

0.0053 

00057 

0 0066 

00078 


From the behavior of gadolinium anthraquinone sulfonate to which much water 
had been added, D P. MacDougall and W F Giauque *" have inferred that between 
0.2 and 4 °K the specific heat of ice does not exceed 001 cal/g-mole-'K 


••Giauque, W F, and Stout, J yp , 1. Am Chtm Soe , 58, 1144-1150 (1936) 

•• MacDougall, D F., and Giauque, W. F., 7. Am Chtm. Soe , 58, 1032-1037 (1936). 
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Table 206.— True Isopicstic Specific Heat of Ice 

For temperatures not below -40 °C the best determinations are those 
of Dickinson and Osborne, which may be expressed by the formula c = 
0.5057 + 0.001863# cal 2 o per (g°C) = 2 llSs + 0.007798# joule per 
(s (They used the relation 1 cal 2 o = 4.183 j ) Values so computed 
are given in column DO, those beyond the range of the observations being 
m parentheses. 

Values observed by Nernst and by Pollitzer are given in column N, P ; 
those at the higher temperatures are actually Ca, not c. 

The two sets of values from International Critical Tables are given 
under A and R. 


Unit of r — ] joule/Cs *C) — 0 2392 calsn/(i? *0 Prcasuro not exceedini? 1 atm 


Ref*-> 

i 

DO 

A 

R 

N.*P 

0 

' 2115 

206 ±0 0/ 

21. 

N 

-10 

2 037 



2 28 

-20 

1959 

1 94 ± 0 01 


200 

-231 

1935 


19. 


-30 

1882 




-40 

1804 

182±001 



-60 

(1648) 

168±002 



-70 

(1 570) 



156 

-731 

(1 546) 


1 « 


-80 

(1 492) 

1.54±002 



-100 

(1 336) 

139±001 



-120 

(1 180) 



123 

-1231 

(1 152) 


1« 


-140 

(1 025) 




-150 

(0946) 

1030 ±0010 



-160 

(0 868) 




-170 

(0 790) 



0 89, 

-1731 

(0 766) 


08. 


-180 

(0 712) 



P 

-189 

(0 642) 



0 77, 

-200 

(0 556) 

0653 ±0 013 



-213 7 

(0 450) 



0 54. 

-2223 

(0383) 



046. 

-2231 

(0377) 


04, 


-2301 

(0 321) 



041 i 

-2354 

(0280) 



0 35, 

-2392 

(0 251) 



0.29, 

-2448 

(0 207) 



020. 

-248 7 

(0 177) 



015. 

-250 

(0 167) 

0151 ±0 004 



-2506 

(0 162) 



0128 

-2731 

(-0013) 


0 



• References : 


Compilatitm by Awbery; J H .*** based on the observations of Armstrong, H E » 
Proc Roy Inst Grt Brti , 19, 354-412 (1908), Barnes, H T, Trans Roy Soe 
Canada, III (3). 3, 3-27 (1909). Dickinson, H C, and Oshorne, N S Jackson, 
F G, / Chem Soc, 34, 1470-1480 {1912), Nernst, W .«» and Ann d Phystk 
f4), 36, 395-439 (1911), Nernst, W, Koref, P, and Lindemann, F A Per- 
son. C Polhtser, F., Z BUctroch, 17. 5-14 (1911); 19, 513-518 (1913), 

Reffnault, , Ann d Phystk (Pogg), 77, 99-109 (1849) 

Dittinson, H C , and Osborne, NS** 

Nernst, W., as quoted by FolUtzer, see P 
Pollitaer, 

Rodebush, W H and E K » gee text 
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Entropy of Ice. 

If entropy is measured from 0 ‘’K, then the entropy of water-vapor at 
25 “C as computed from spectroscopic data is 45.10 cal/g-mole-°K ; 
whereas the value found from the specific heat of ice and of water, together 
with the latent heats of transition, is only 44.28, a difference of 0.82 cal/ 
g-mole'‘’K Suggestions for explaining this discrepancy have been 
offered by W. F. Giauque and M. F. Ashley,®** who definitely established 
the existence of the discrepancy, and by L Pauling.*** Each suggestion 
attributes it to a failure of ice to attain the ideal state at the lowest tempera- 
ture reached experimentally ; the first assumes the persistence of the ortho 
and para molecular states at extremely low temperature, and the second 
assumes a certain amount of disorder See also Table 207. 


Table 207. — Various Isopiestic Thermal Data for Ice 


Cg = specific heat at constant pressure; Ho= / CpdT is the enthalpy 

Jo 


(heat content) 


, Go = Ho- ST = - f 
Jo 


(Ho/T^)dt IS the “free energy 


at constant pressure” ; So = entropy. All are for a pressure of 1 atm, and 
those with subscript o are measured from ice at 0 °K ; » = for ice, w = for 
water. For more complete definitions, see Table 1 and Section 6 The 
values accepted by K. K. Kelley ®®* essentially agree with the corresponding 
ones here given under R and S. 1 cal = 4 185 joules ; 1 j/gfw = 0.05551 
j/g- 


Unit of C, and S, = I j/(gfw ”K) . of //» and C„ = 1 kj/gfw Temp = T 'K. 1 gfw = 18 0154g 


Hef«-» 

T 

R 

s 

Cp 

M 

R 

s 

M 

0 

0 

0 

0 

0 



0 

0 

10 


028 

01 


0 0006 

0 0002 

20 


177 

18 


0 010 

0007 

40 


657 

66 


0093 

0092 

50 

86 


85 

0183 


0168 

60 


1001 

102 


0 260 

0262 

80 


129 

133 


0491 

0498 

100 

161 

15 7 

161 

0823 

0 778 

0 795 

120 



184 



1 141 

150 

21.7 

216 

220 

1775 

1712 

174 

170 



24 2 



221 

200 

23.8‘ 

27 5 

279 

3 005 

2 94 

299 

220 



305 



3 58 

250 

34.7 

34 9 

354 

4 54 

4 48 

4 56 

273 li 

382 

410 

502 

5.38 

535 

549 

273 Iw 


760 

75.4 


1136 

11.50 


Ml Gordon, A R . / Chem’l Pkyt . 2, 65-72 (1934) 

“•Giauque, W F. and Stout, J W , / Am Chem 5oc , 58, 1144-1150 (1936) 
“•Giauque, W F, and Ashley, M F, Phyt Rev (2). 43, 81-82 (L) (1933) 

•“ Pauling, L , /, .4m Chem Sac , 57, 2680-2684 (1935) 

•“Kelley, K K, B»r Mines (U S ), Butteiin 350 (1932) 
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Table 207 — (Continued) 


Ref •-> 

T 

R 


M 

R 

8 

M 

0 

0 

0 

0 

0 

0 ° 

0 

10 


000022 

0 00006 


0085 

0.025 

20 


00036 

0 00226 


069 

0.46 

40 

so 

0.044 

00416 

00348 

00750 

4 78 

3 36 

3.18 

487 

60 


01424 

0132 


6 69 

6 57 

80 

0 508 

03094 

0294 


999 

990 

100 

0541 

0 526 

13 31 

1320 

1321 

120 



0821 


1635 

150 

1345 

1.391 

139 

208 

20 69 

208 

170 



182 



23 7 

200 

2 545 

2 60 

260 

27 7 

27 7 

279 

220 



319 



308 

250 

4120 

416 

417 

34 6 

34 4 

349 

27311 

4 940 

500 

502 

378 

379 

384 

2731 w 

4 940 

500 

502 

65 S' 

599 

60J 


“ References 

M Miethmg, H, Abh deutt Bunsen Get, No 9 (1920)» based upon the data of Pol- 
ht 2 er (See R) and of Nemat, W, Ann i Pkyttk {4), 36, 395-439 (19(1), steps of 
10 ‘K. 

R Rodebush, W H and £ K, Ini Crit Tables^ S, 84-91 (89) (1929), based upon the 
data of Pollitzer, F^, they measure both H and G from the uncomliincd gases at 
0 and 1 atm That jj, thetr values for H and G fall beloiv those given for Ha 
and Gn by the heat of formation of ice at 0 and 1 atm, which thev have taken as 
282 6 icj/gjw 

S Simon, F, '*Hand d Physik.** (Geiger and Scheel), vol lOf 363 (1926) based on hii 
own previously unpublished observations 

• Apparently erroneous, 

•For 25 *C (2981 '’K) 


70 Thermal Conductivity of Ice and of Snow 

Single Crystals. 

The thermal conductivity of a single crystal of ice has not been studied, 
but indirect evidence indicates tliat the conductivity along the optic axis 
exceeds that in a direction perpendicular thereto.®^® The difference is 
probably small. More recently, J M Adams has reported observations 
which he thinks suggest “that the polar character of the crystal extends to 
the mechanism 9f thermal conduction in it.” 

The only recorded numerical data bearing upon the subject seem to be 
the following, and kh denoting the conductivities perpendicular and 
parallel, respectively, to the planes of freezing 

k* kh 

Forbes (1873) 9 32 8 90 milliwatt/cm "C 

Straneo (1897) 21 9 21 0 milliwatt/cm *C 

Those by Forbes are surprisingly small 

’**’ Barratt, T , and Nettleton, H R , lal Crtt Tablet, 5, 231 (1929) Based upon Barnes, 
II T, Nature, 13, 276 (1910), Forbe,, C, free, Roy Soc Edtuburgh. B, 62-69 (1873), Straneo, 1’ , 
Atti Ace. Lmeet (5), <■: 299-306 (1897) 

"'Adama, J M, Proe Roy Soc London (A), 128, 588-S91 0930) -* Pkyt Rev (2), 36, 
788 (A) (1930). 
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Ice in Bulk. 

When data were being prepared for the Intertuitional Critical Tables, 
the most extended series available on the thermal conductivity of ice was 
that by C. H, Lees.®^® More recent work by M. Jakob and S. Erk,®^® 
extending to —130 "C, is probably to be preferred to all others now avail- 
able They found that when there is a flow of heat between a block of 
ice and a metal plate frozen to it, there is always a discontinuity in the 
temperature at the junction, the discontinuity increasing as the temperature 
is lowered 

Apparently, the earliest recorded attempt to measure the thermal con- 
ductivity of ice is that of F. Pfaff®*® leading to the surprising conclusion 
that the conductivity of ice is 0 82 that of iron (i e , to k = 508 milli- 
watt/cm'“C). 


Table 208. — Thermal Conductivity and Diffusivity of Ice 

(For single ciystals, see text.) 

The preferred values for the conductivity (k) are those (JE®) by 
Jakob and Erk The (VD®) values have been computed by Van Dusen’s 
equation (Jfe = 209 (1 — 00017t) milliwatt/cm ®C), which was set up 
prior to the work by JE, and approximately represents the values found 
by Lees. 

Thermal diffusivity (k/pc, p = density, c = specific heat) is 0011 
cm®/sec if t>-30°C (VD®), is 00114 at 0 “C (SH®), based on 
F. Neumann.®®^ 


Unit of — 1 milliwatt/fcm *0 


Ref--* 

JE 

vn 


JE 

VD 

Ref 

IE 

vn 

Ref 

vn 

1 

/ “ — 

k , 

t 

f 

k , 

t 

, 

k — , 

t 

k 

0 

22 4* 

209 

-SO 

27 8 

227 

-100 

347 

244 

-150 

262 

-10 

23 2 

213 

-60 

291 

230 

-110 

36 4 

24 8 

-160 

266 

-20 

24 3 

216 

-70 

30 5 

234 

-120 

381 

252 

-170 

26 9 

-30 

25 5 

220 

-80 

318 

237 

-130 

40 2 

25 5 



-40 

26 6 

222 

-90 

331 

241 

-140 


259 




• References 

TE Jakob, M , and Erk, S ••• 

SH Schofield. F H , and Hall. J A, Int Cnt Tables, 2, 315-316 (1927), based on 
InsersoU, L R , and ZoM, O J , **An Introduction to the Mathematical Theory 
of Ilcfit Conduction,*' 1913, Neninann, t Straneo, P 
VD Van Dnsen, M S , In* Crtt Tables, 5, 216-217 (1929) . based on Lees, C il««. 
Abels, H, Repert f Meteor (W^d*s, St Petersburg), No 1 (1893), Andrews, 
T. Proc Roy Soc (London), 40. 544-549 (1886), Forbes, G»«, Mitchell, A C. 
Proe Roy Soc Edinburgh, 13. 592-596 (1886), Straneo, F, Nuovo Cttn (4), 7. 
333-340 (1898) o-Attx Acead, Ltneet (5), 6.: 262-269, 299-306 (1897) 

* S Arzybyschew and I Pariianowitsch “* find 23 0 ; P. G Tait,“* 21 ; and SH 
Rives 22 mw/cm °C. 


“ Lms, C H , Phil Trans , 204, 433.4M (1905) -♦ Proe Roy Soc (London), 74, 337-338 
(1905) 

“» Jakob, M , and Erk, S . Wtss Abh d P T R , IJ, 395-409 (1929) = Z ges. Kolie-Ind . 36, 
229-234 (1929) -* Z teehn Phystk, 10, 623-624 (1929). 

•“ Pfaff, F , Sttob phvsik mtd Soe Erlangen, % 155-157 (1874) 

■“Neumann, F. PhtI Mag (4). 25, 63-65 (1863). 

ArzybyKhew, S, and Farflanowitsch, I, Z Phystk, 56^ 441-445 (1929) 

Tail, P, G , Proc Roy Soe. Bdmbargk, 13, S92-S96 (1886). 
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Snow. 

The thermal conductivity (fe) and diffusivity (£)) of snow vary 
greatly with the density, and the values obtained by different observers 
exhibit much discordance (see Table 209). 

Table 209. — Thermal Conductivity and Diffusivity of Snow 

The thermal conductivity (fe) and diffusivity {D = k/pc), both depend 
upon the density of the snow ; p = density, c = specific heat. From a con- 
sideration of the data then available, M. S. van Dusen concluded that 
between 0 and — 30 °C, fc = 021 + 4.2 p + 21.6 p® inilliwatt/(cm'°C), 
lOOOZ) = 2.0 + 0 1/p + 103 p® cm®/sec, where p giii/cm® = density of the 
snoiy (not of the individual crystals). More recently, J. Devaux*®* has 
concluded that k = 0.29(1 + 100 p“) mi]liwatt/(cm “C). Values com- 
puted by means of these equations are here entered under VD or D, as 
may be appropriate. 


Unit of Jb = 1 milliwatt/(cm.*C) =239 lO** £-001/(001 st&^C) , of Z> = 1 em'^sec. of 1 ff/cm* 

Temp. « 0 *0 


Ref 

VD 

D 

/ 

■ su . 

— % Ref • 

Ref 

VD 

1 rtHA n - 

SH , 

P 





fl r- 



— KCt • 

oil 

0 70 

065 

107 

J 

0125 

3 0* 



0125 

078* 

0 75 



019 

29 

2.50 

A 

0 24 

152 

198 

1.67 

OAY 

033 

3.4 

4 60 

A 

025 

160 

21 

188 

OAY 

040 

39 



027 

18 

24 

134 

OAY 

0 50 

48 



045 

41 

62 

049 

J 

9 


41 

IK 

0 50 

SO 

76 

13 

IZ 
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" For p = 0 125, M Kuroda ■“ gives k = 2U lOOOD = 86 
^ Snow densely packed 


From his work on the neve on the Mt. Blanc glaciers at elevations of 
4 2 to 4.4 km, J. Vallot found that the diurnal variation in temperature 
did not extend below one meter, at which depth the temperature rises to 
0° C only under exceptional conditions , the annual variation does not 
extend below 6.5 m. He observed the following temperatures, ti m the 
year 1900, in 1911 : 

Depth 1 2 3 4 8 10 12 15 meters 

ti -6 3 -9.1 -11.9 'C 

t, _o.i -0.8 -7.3 -120 -12.6 -13.2 -129 -128 “C 

■“Vsllot, J., Compt. rend., 156, 1575-1578 (1913). 
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M. Kuroda observed that the lowest tcniix;rature in a snow-blanket 
9 meters thick occurred at a depth of about 4.5 meters, and was —0.9 ®C, 
the temperature of the surface being -1-02 °C, and of the ground -1-0.4 “C. 
The density varied from 0.35 g/cm* at 50 cm to 0.6S at 7 meters. 

The distribution of temperature in the snow-blanket and in the under- 
lying soil, near Sodoakyla, Finland, within the Arctic Circle, has been 
studied over a period of 24 months by J. Keranen.®®® 

The Oxford University's Arctic expedition, of 1935-6, to North-East 
Land found that at a depth of 70 ft. (21 m) in the ice cap the temperature 
was fairly constant at 0.0 ®C ; and at a somewhat greater depth an unfrozen 
lake was found.®®^ 


71. Refractivity of Ice . 

Over a hundred years ago. Sir David Brewster ®®* observed that crystals 
of ice are optically uniaxial and positive, the index of refraction (c) of the 
extraordinary ray exceeding that («) of the ordinary. A. Bertin*®* has 
stated that the interference fringes seen when ice is suitably observed in a 
polarizing microscope are among the most beautiful exhibited by any uni- 
axial crystal. 

H. E. Merwin*®* has concluded from the observations of A. Ehring- 
liaus®*® that between — 3°C and — 65 °C, and 405 m/t and 706 m/*, 
€x — €j) == 1 01 (mx — dijj) and </«>/</< = — 3 8 X 10 ® per “C, the subscript 
denoting the wave-length to which the index applies, D denoting the D-lines 
of sodium at X = 589.3 ni/*. Hence, dt/dt = 3 84 X 10'® per °C. From 
these relations and other data given in Merwiii’s compilation, the data in 
Table 210 have been derived. The form of the factors Fa and F* was 
empirically determined for this compilation 

Taking for the density of ice at -3 °C the value 09164 g/cm® (Tables 
200 and 202), and for the indices of refraction for the D-lines the values 

given in Table 210, the Ixjrenz “refraction constant” ( ^ is 0.2097 

\p(»* + 2)/ 

cm* per gram for the ordinary, and 0 2105 for the extraordinary ray The 
corresponding quantity for water at 20 ®C (»= 1 33300, /> = 0.9982 
g/cm*) IS 0.2061, and for water-vapor at 1 atm and 110 °C (n = 1 -1- 
313 30/) X lO'® (Table 58), /> = 00005804 g/cm*) is 02088 cm*/g. 

Early and rough determinations of u and c were made by E. Reusch,*®® 

■■Kurod*, M, Vn Pafert Jnit Ph\t and Chem Rrt , Tokyo, 12, 69 81 (1929) 

Keritwn, J, AnHolet Sci I fttnicoe (A), 13, No 7 (1920) 

>"GIen, A R, Ratorf, 139, 10-12 (1937) 

**Van Dusen. M S, Int Crti labors, 5, 216 (1929) 

•“Dernn*. J , Ann it pkyj (10). 20, 5-67 (1933) 

•“KurotU, XI, Sci Paprrt Jnit Phyt and CXnn Rei , Tokyo, 12, 149-159 (1930) 

5lli Tram. UU, 187-218 (1814), UM, 199-273 (1818), Phtt Mag 
(^/t% 245 340 Oo34) 

■•Bertin, A, Ann it chtm rl pkyt (5), It, 87-96 (1863) 

■■ Herwin, H E , Int Crti Tahiti, 7, 17 (1930). 

■* Ehrmvluut, A, Stun Jahrb Mineral , Grot., Beilicc Bd 41, 342-419 (1917) 

■oRetuch, E., Ann d. Phynk (Pogg ), 121, 573 578 (1864) 
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and fairly precise ones covering most of the visible spectrum, by C. Pul- 
frich.**' 


Table 210. — ^Indices of Refraction of Ice 

Adapted from compilation of H. E. Merwin.®®* For long waves, 
see Tables 218 and 219. 

4), e = index of refraction of the ordinary and the extraordinary 
ray, respectively. Subscript indicates either the wave-length to which 
the index refers, D indicating the wave-length of the D-lines of sodium 
(= 5893A), or the Centigrade temperature. Between —3 and — 65 “C 
and in the range A = 4046A to 7065A the following relations hold 
good: (i>( = 4i_8 — (11.4 -f* 3 8t} X 10“®; et — t-s ~ (11 S 2 4- 384f) X 10“®; 
t\ — tD = 1.01 (dix — <i)d) : approximately, ux = o>d + (A^ — A)F«„ «x = 
fD + (Ad — A)F«, where 10®Fa = 2.07 -1- per angstrom, 

10®Fe = 2 09 4- 1.01 X 10<’^1)“^''®®®® per angstrom, all A’s being expressed 
in angstrom units The order of approximation may be seen by com- 
paring the tabulated values of 10 ^(Ad — X)Fu with those of 10‘(ci>x — <»/>) 
derived from the values of «; interpolation is facilitated by the use of the 
values of the F's. 


Unit of 

X = lA = 10-* cm Temp. 

“ — 3 “C Inde* with 

reference to a 

v.icuum 

\ 

<n 

e 

10*(iox •" mo) 

io*(x» - x)r» io»F» 

10»F< 

4046 Hg 

13183 

13198 

93 

916 

496 

502 

4358 Hg 

13159 

13174 

69 

69 0 

449 

453 

4861 H 

1 3129 

1 3143 

39 

401 

3 88 

392 

4916 Hg 

1 3126-1- 

1 31404- 

364- 

37 3 

3.82 

386 

5461 Hg 

13104 

13118 

14 

14 5 

3 35 

3 38 

5780 Hg 

13093-H 

13107 

34- 

35 

314 

317 

5893 Na 

13090 

13104 

0 

0 

3.07 

310 

6234 Hg 

1 3079 

13093 

-11 

-9.9 

289 

292 

6563 H 

1 3070+ 

1 3084+ 

-19+ 

-184 

275 

278 

6908 Hg 

1 3063 

I 3077 

-27 

-26 7 

263 

265 

7065 He 

13060 

1 3074 

-30 

-302 

2 58 

260 


72. 

Reflectivity of Ice 

AND OF 

Snow 



Ice. 


Throughout the visible spectrum tlie transparency of ice is so great that 
the reflectivity (R) can be computed satisfactorily from the index of refrac- 
tion by means of the formulas given in Section 38. The observed reflec- 
tivity passes through a pronounced maximum at A = 3 2 /t and again near 
A = 13 0>i M. Weingeroff ®®^ suggests that in the latter region there are 
“residual” rays. 

Defining the reflectivity as R = 1,/Ii, h and being the intensities 
of the incident and of the .specularly reflected radiation, respectively. 


Mapulfrich, C, litm (Wted ), 34, 326-340 (1888) 
•n Weingeroff, M , Z Phyiik, 70, 104-108 (1931). 
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E. P, T. Tyndall has given the following values, based upon the obser- 
vations of G. Bode,®*® angle of incidence about 15°. 

X 10 1.5 20 24 26 28 3.0 32 34 3J 4.0m 

lOOif 172 1.62 162 1 13 073 070 160 510 390 281 1.75 

M. Weingcroff ®®^ has observed the following, the angle of incidence 
being about 12°; 

X 60 75-90 100 105 no 112 115 120 125 130 138 143 1S0-160 m 
lOOR 08 OS 04 OS 10 1.5 20 25 3.0 35 30 25 20 

It has been reported that the intensity of the reflection of x-rays from 
the ( 100) plane of ice is reduced about 2 5 per cent by an electric field of 
1 300 volts/cm parallel to that plane ®^® 

Snow. 

Freshly fallen, powdery snow on mountains ts mat and closely obeys 
Lambert’s law ®®® 

Using filtered radiation from a quartz-enclosed mercury arc. and work- 
ing at a vertical angle of 40° betw een the arc and the receiving instrument, 
E. O Hulburt found the effective (diffuse) reflecting power (/?f) of 
freshly fallen snow to have the following relative values, that for the region 
A = 04to08M being arbitrarily taken as 100 : 

X 0 3 to 04 04 to 08 08 to 26 26 to 7 Beyond 7 m 

R> 88 100 38 45 65 

The albedo of a plane surface is defined as /4 = Fr/Fi, where Fr — total 
luminous flux reflected by the surface when uniformly illuminated by white 
light, the total luminous flux incident on the surface being F,, From the 
observations of P G Nutting. L. A. Jones, and F A Elliott, »''® E P T 
Tyndall ''''® concluded that A = 0 93 for snow, A for MgCO.^ being assumed 
to be 0 98 , J Devaux '’®® gives A = 0 95 

These v.alucs are much higher than those reported by others From a 
long scries of observations made near Leningrad, N. N Kalitin found 
the maximum value .i = 0 87 for dazzling, fresh, soft snow fallen the eve- 
ning before He quotes the following previously reported values for such 
maximum * C Doriio. 089, Abbot and Aldrich, 070, A Angstrom, 081. 
The packing of the snow with age decreases the albedo , so does melting 
of the surface. He found the apparent albedo to lie above 0 45 so long 
as the ground was completely covered wdth snow that was not more than 

I reported by H H Kimball and 

••Tinidall, F V T, Int Cril ToSIm. 5, 256-261 (2581 ( 1929) 

•■Bode, G. Ann d Phiink (4), 30, 326-236 (1909) • 

"•Ndmet, A. Helv Phvj Aela, 8, 97-116 (1935) 

•" Hulburt, E, O . / 0/>( Soe Amer . 17, 23-25 (1928) 

597"(19Ur*’ ^ (N Y ). 9, 593- 

•" Tyndall, E. P T , /ut Cn* Tatlrt, 5, 262 (1929) 

•" Kalitin, N N . Monthly H-'nthor Rev , SO, 59-61 (1930) 

•“•Kimball, H H, Hand, 1 F, Monthly Weather Rev. SO, 200-201 (1930). 
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slightly soiled. The following are typical of the values he obtained : 
Loose surface, 0.80 , freshly fallen snow, 0.83 ; dense surface, 0.86 ; thawed 
and grainy surface, 0.40; uneven surface, 0.75. 

73. Luminescence of Ice 

By the luminescence of a substance is meant its emission of light under 
the existing conditions, and in particular from its interior, as distinguished 
from reflection by its surface. Several types of luminescence are described 
m Section 39. For the internal brilliance of a blanket of snow, see Section 
75. For reports of the crystalloluminescence of ice, see end of Section 97. 

Fluorescence of lee. 

Under this head, phosphorescence, triboluminescence, etc, are included. 
While exposed to the filtered radiation from radium, the filter being Pt 2 
mm thick, ice fluoresces, but less brightly than does water at 20° and under 
the same conditions In both cases the luminescence is very weak 

Rayleigh Scattering by Ice. 

The vivid blue color of large masses of pure ice has been ascribed by 
C. V. Raman to the scattering of hght by the molecules of the ice, or rather 
by the slight variations in the concentration of the molecules (cf. Section 
39). The purer the ice, the deeper the blue. Slight traces of impurities 
alter the color very perceptibly.®^^ 

Raman Scattering by Ice. 

For an account of the general characteristics of the Raman effect, see 
Section 39, and K. W. F. Kohlrausch.®’* Each Raman band for ice is 
much narrower than the corresponding one for water and corresponds to a 
slightly smaller value of Sv, the difference between the wave-number of the 
Raman band and that of its exciter.®^* Early observations by I. R. Rao 
indicated that the intensity of the unresolved prominent band for ice 
depends upon the frequency of the exciter. He reported as follows. An* 
being the wave-length of the exater, and I the intensity of the correspond- 
ing Raman-band. Ang = 3650A, / = 15; Ang = 4C)47A, / = 10; Ang = 
5060A, 1 = 5. No later observation on such variation has been found. 

Effect oj temperature. — ^At the temperature of liquid air (co. — 190 °C) 
the Raman spectrum of ice consists of one intense and fairly sharp line at 
8i< = 3090 cm‘^ (Ajs = 3 24 /*) and a faint companion at Sv = 3135 cm*^ 
(Ajj = 3.19 fi) ; whereas at temperatures near 0 °C it consists of diffuse 
lines or bands at Sv = 31% cm'® (A« = 3.13 /t.) and 3321 cm'® (A* = 

*"■ Kalitm, N N, Gerlanih Bettrag * Ceophynk, 34, (Koppen Bd 1), 354-366 (1931), 
m Mallet, L., Compt rend, 1S3, 274-275 (1926). 

Barnei, H T , "Ice Eogineenng,” pp. 8, 9, 1928 
KoUniuch, K W. F., “Der Smekal-RaiaaD ESdit,’* 1931 
■"Ganeaan, A. S, and Venkateawaran, S., Indum J. Pkyt , 4, 195-280 (1929). 

>»Rao, I. R, Idem. 3, 123-129 (1928) 
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3.01 For interpretations of the change, see also I, R. Rcio,®®® who dis- 
agrees with Sutherland. 


Table 211. — ^The Raman Spectrum of Ice 

8k is the difference between the wave-number (l/X) of the Raman line 
and that of the exciting radiation ; Xjt = 1/8k. Each number or check mark 
in the columns of relative intensity is placed on the line with the value of 
8k that corresponds to the maximum of the line or band as reported by the 
indicated author. The absence of such number or mark indicates that the 
author did not report a maximum at that value of 8k. 




Unit of d*' ** 1 

. cm-*, 

of Xa — 1 ^ 

« 10-*cm 



Kef ■-* 

Rao 

GaV 

Raa 

Rao 

CBL 



1928 

1929 

1932 

1914 

1937 

8v 

Xr 




ivtfssesatYv b _ 


53 5 

187 



Id 

lllldluivy * ^ 


205 

488 






210 

47 6 





V 

212.1 

4715 



5d 



Ml 

16 6 






2225 

4 494 






31.36 

3189 






3150 

.3175 





Vc 

3156 

.3 168 





V 

3190 

.3135 

5 





3193 

3132 


V 




3196 

3129 




55 


32(K) 

3125 

10 





3270 

.3 058 

15 





.3300 

3 030 





Vc 

.3321 

3 011 



t 

40 


.3.3.30 

.3 00.3 



1 



.3.390 

2950 


V 

1 


Vc 

3420 

2 924 



Y 



.3.549 

2 818 


V 




5.39.3 

1854 


V 





Hib 

1937 


4 

3 

2 

10 


8 


Rao*®-’ has given tlie following values for the relative 

intensity of the 

Raman scattered light throughout the range 8k = 2877 to 3768 cm'^. 

8k 2877 

3019 

3122 

3196 3252 

3321 

I 0 

10 

36 

55 37 

40 

8r 3.321 

.3.389 

3466 

3538 3636 

3768 

I 40 

.39 

30 

12 5 

0 

• References 





i ni. (><>.*, r r . 

(19171 

Burnliam J . 

and I<eighton, 

P A , / Am Chtm 

Soc. St, 1134-1147 


GaV (iincsaii A S » and Venkatwwaran, S 

Ilih Ilihben, J H / Chfml Ph\s , S, 166*172 <1937) 

Rao Rao» 1 R , 1928, 1934 ^ 

Has Raoetti. F . Nuotni Cm (N S K % 72*75 (1932) 

*The numerical values of the relative intensities have no significance except with 

reference to others appearing in the same column When a reference contains no 
numerical estimate of the relative intensities of the lines or bands recorded die 
positions of those lines or bands are indicated by a check mark (V) ; d indicates 
that the hand was recorded as being diffuse, c indicates the value of 8r corresponding 
to a fundamenul frequency of a band The long line in Ras column indicates that 
Rasetti reported a continuous band extending from <k = 3300 to 8k 3420 cm'*. 
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74. DlKFRACllON OF X-RAYS BY ICE 

The diffraction of x-rays by ice has been studied primarily for the pur- 
pose of ascertaining the intimate crystalline structure of ice, and most of 
the reports of such work contain no explicit statement of the values of the 
individual periodicities observed, or of their relative intensities. The infor- 
mation obtained regarding the ciystalline structure is given in Section 60, 
on the molecular data for ice. Values of the observed periodicities and 
their relative intensities are given in Table 212. 

Table 212. — Diffraction of X-rays by Ice 

d = (X/2)'Sin (<^/2), k = wave-length of the incident x-rays, ^ = 
angle of diffraction at which the intensity of the diffracted radiation passes 
through a maximum; d characterizes some kind of periodicity in the struc- 
ture of the crystal. 7 == relative intensities of the several maxima ; w = 
weak, s = strong, m = medium strong, v = very ; e g., ws = very, very 
strong. Unit of d = lA. 


BO* 


StJ. 

Den 

• 

- so to - 

80* 

-85 

•c 

- 90 to 105* - : 

115 to - 175“ 

d 

/ 

d 

7 

d 

7 

d 

1 

d I 

4 IS 

3 92 

10 

3 90 

w 

387 

w 

390 

W 1 

37 m 


3 67 

100 

3 63 

vvs 

3 69 

vvs 

366 

S J 

346 

344 

20 

3 40 

ni 

3 42 

m 




3 30 

268 

15 

264 

m 

266 

in 




256 










2 34 

226 

10 

2 26 

w 

2 28 

vw 

225 

* 1 



2065 

50 

2 05 

vs 

205 

vs 


y 

21 w 

194 

192 

10 

1 90 

w 

192 

w 

191 

m J 





1 71 

w 







1516 

15 

1 51 

w 

152 

w 







145 

m 







1368 

20 

1 35 

m 

137 

m 




130 

130 

25 








126 

125 

25 

1 26 

vw 









121 

vw 







1 167 

5 

117 

vw 

1 17 

vw 




0.74 
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Table 213.— Monochromatic Absorptivity of Ice 

Trans. = per cent transmitted. The absorptivity (fe) is defined by the 
equation I = where (/« - I) is the decrease in the intensity caused 
by transmission through x cm of ice in the interior of the block. 

Unit of X = 1 # = 10-* cm, of j: = 1 cm, of * = 1 cm-» 

I Plane-polarized radiation transmitted perpendicular to the optic 
axis , A' = 0 5 cm , A = wave-length at which the absorptivity passes 
through a maximum. P.* 


X 

Ordinary ray * • 
Tram 

k '' 

X 

Fxtraordinary ray 
Trans 

— ■ 

079 

93 

0145 

081 

55 

120 

0 80 

93 5 

0137 

0 92 

54 

123 

102 

93 

0145 

106 

46 

155 

126 

57 

1 12 

129 

27 

262 

If Unpolanzed radiation transmitted probably parallel to optic axis 

X 

1 

1 so 

2 5 

4 5 

• 52 

X 

01 

01 

01 

(?) 

(?) 

Trans 

V 

5 

0 

mill 

max 
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26 7 

23 0 

00 



Ref 

B 

P 

B 

B 

B 

111. K« 

Crystallographic direction 

IS not stated The i 

eported trans- 

missions by the two blocks aie not consistent 

If they are combined on the 

assumption that the blocks differ solely in the value of x, then one finds for 


the reflectivity (i?) a negative value ( — 5^) and for k the values here 
given. If R IS assumed to be negligible, and only the data for the longer 
block are used, one obtains the values kim 


X 

0 332 

0 346 

0 366 

0 392 

0 416 

0 438 

0 446 

Trans , x— 10 

97 

96 

99 

99 

98 

99 

98 

Trans , x — 107 

46 

46 

51 

52 

54 

52 

55 

10‘* 

77 

7(1 

68 

60 

62 

65 

59 

10*1^101 

73 

73 

63 

61 

58 

61 

56 


IV. CK® Crystallographic direction is not stated. Values of nk are 
reported for the residual raj's from the salts indicated Thickness of ice 
was A = 00034 cm Temp = — 10 °C. 


Salt 

NaCl 

KCl 

KBr 

TlCl 

TlBr 

TII 

\ 

52 

63 

83 

100 

117 

152 

Trans 

11 

13 

32 

72 

85 

84 

Xt/4ir 

027 

0 30 

022 

0 08 

003 

003 

k 

650 

600 

330 

126 

30 

25 


• References 
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Bode. G*» 



154, nS-157 
H , Nature, 


Plyier"’E * = 1*3*,. 14S-146 (1935) 


Certain inconsistencies in this and his other paper *" reporting the same date 
have resulted in several quotations in which the data for the ordinary ray have been 
assigned to the extraordinar> , and conversely The assignment here given is that 
in the author’s Table I, which he has informed me is correct 

• The absorption is given as 93 per cent, which leads to k= 26 7 cm"*, a value far 
exceeding what one would infer from Plyter's data 
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For a given layer of material, the transmitted fraction of the incident 
radiation depends upon the amount of the radiation that is scattered by the 
layer, as well as upon the amount that is truly absorbed, that is converted 
into another form of energy. But this distinction has not been observed 
in the reporting of experimental data for the absorption of ice, the entire 
reduction in intensity being described as absorption. The error so pro- 
duced is probably very small when the ice is clear, except for the shorter 
wave-lengths, for which measurements of tlie absorption seem to be lack- 
ing For snow, the scattering is of prime importance , the true absorption 
is that of the individual ice-crystals, of the ice itself. 

Ice. 

In the visible spectrum, the absorptivity of ice is certainly small. In the 
infrared, beyond A. = 1 /i, it is great and entirely analogous to that of water 
(Section 43), at least as far as A. = 6 A plate of ice 1 mm thick absorbs 
practically all radiation for which A > 3 and a frozen soap-film ruts off 

nearly all radiation for which A > 6 jn For A greater than about 

the absorptivity of ice is great **•'* 

The extraordinary ray is more strongly absorbed than the ordinary, and 
the corresponding wave-lengths at which the maxima of the absorption 
occur are greater in the former than in the latter 

The intercrystallic material, which in some cases was found to be less 
than 0 0008 cm thick, “has a much higher absorption of infrared light than 
the ice Itself.” Plyler concluded that this exti a absorption was not due 
to dissolved salts. 

Table 214. — Transmissivity of Ice for Black-Body Radiation 

Adapted from data given by S L Brown 

Thickness of ice = 3 mm® Transmission =t per cent, Tr is defined 
by an empirical equation (r^ = - 18 5 -1- 0033/) constructed for the 
present compilation Temperature of the source of radiation is t °C. 

lit, » T T, 

660 3 4 3 3 865 9 9 100 

720 5 2 5 3 910 117 11 5 

790 7 6 7 6 925 119 120 

960 14 2 13 2 

• H Hess *" has stated that Melloni found that a plate of ice 2 6 mm thick trans- 
mitted only 6 per cent of the total radiation incident on it from a Locatelli lamp 

Snow. 

In a study of the penetration of radiation into snow and glaciers the 

"•Angstrom, A, Ark f Math Astr , och Fysxk, 13, No 21 (1919) 

** Schaefer, C, and Matossi, F, “Das ultrarote Spektrum,” 1930, Plyler, E K, / Opt Soc 
Amer, 9, 54S-555 (1924) 

•“Plyler, E K, / Bluka MtUhett Sor , 41. 18 (1925) 

•"Plyler, E K, / Ettsha Mtlehell Sor, 41, 39-40 (1925) 

•" Brown, S L , Phys Rev (2), 21, 103-106 (1923) 

•“ Hess, H , “Die Gletscber.” 1904. 
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following tenns are useful: Factor of entrapment {£) = unity minus the 
albedo (Section 72) — fractional excess of radiation incident u^n the sur- 
face over that returned by the snow or glacier. Internal illumination 
{JO = sum of the flux of radiation each way through a given unit surface 
at the place considered ; it may be expected to vary with the asp^ of the 
surface. Factor of attenuation (T) =s ratio of internal illumination to the 
illumination (/*) of the surface of the snow or glacier; T = 

Qean, freshly fallen snow has a perfectly diffusing surface, the light 
proceeding from it when illuminated being distributed in accordance with 
I^mbert’s law,* and entirely independent of the direction of the incident 
light. In the infrared, especially for X > 4 /i, it radiates sensibly as an ideal 
radiator; in the visible spectrum its emissivity is small. Its factor of 
entrapment (£) is about O.OS for light, and 0 3 for total energy of sunlight ; 
and its internal brilliance is very nearly independent of the line of sight 
The attenuation is logarithmic: T — TolO"**, To is very nearly unity, and 
k is about 0.1 cm*^ ; x = depth below the surface. 

Table 215. — Transmission of Radiation by Snow*^” 

The following data refer to direct and diffuse solar radiation ; Angstrom 
vacuum p)rranometers were used. The original paper should be consulted 
Ta = percentage of incident radiation that reached the depth d ; t* = the 
corresponding percentage for the radiation that actually enters the surface 
Te measures the true transmissivity, tb, the apparent transmissivity 

Unit of rf — 1 cm, of t = 1 per cent 


Snow-, 

d 

. Dry — 


Wet 

U 

25 

160 



5 

75 


80 

10 

2 3 

18 5 

2.4 

IS 

13 

55 

1 1 

20 

10 

32 


25 

08 

22 


40 

04 

12 


60 

02 

06 



\\ hen the skj is clear, the surface temperature of snow not exposed to 
direct sunlight is, on account of radiation, always below that of the neigh- 
boring air, especially at high altitudes; the difference is almost as g;reat as 
at night, even when the shadow is only a meter square. At night the sur- 
face temperature may be 5, 10, or even 15 °C below the temperature of the 
air; the lower the humidity, the greater the difference. Near midday, the 
surface in sunlight may melt, although the air temperature is -10 ®C 
Wind reduces the difference between the temperatures of the air and the 
surface, and heavy cloud .or fog almost obliterates it Wlien the sky is 
clear, the diurnal range in the surface temperatuie may amount to 20 or 


• Lamb^ i cos t, it — intensity of radiation emitted normal to the sur- 

face, I = intensity of that emitted at an angle 9 to the normal 
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30 ®C, even when the air temperature remains constant. The amplitude 
of the diurnal range in temperature decreases exponentially with the depth, 
and at 30 cm is of the order of 1 “C. The preceding information about 
snow is from J. Devaux.®“® A prolonged study, extending over two years, 
of the temperatures at various depths in the snow blanket and in the under- 
lying ground, at Sodankyla, Finland, within the Arctic Circle, has been 
made and published, with numerous citations, by J. Keranen.^**^ 

In connection with his study of the cooling of snow during the arctic 
night of 1916, A. Angstrom set up the equation H = c{dt/dx) in which 
H = total amount of heat, per unit surface and per unit time, received by 
the snow from the air by conduction and convection, and {dt/dx) = ver- 
tical gradient of the air temperature. He called c the convectivity, and 
found that c = 0.005 g-cal per (“C/cm) for the average wind velocity, and 
that (dt/dx) = 1/12 “C/cm when the sky was clear. 

Glaciers and Nivds. 

The emissivity of clean glaciers and nSvis is the same as that of ice. 
A nSve and a surface of old, large-grained snow, are each an almost per- 
fectly diffusing surface when dean. For a clean neve the factor of entrap- 
ment is about 0 4 for light, and 0.5 for the total energy of sunlight , for a 
clean glacier the corresponding values are about 0 4 and 0 6. The internal 
brilliance of a glacier is notably greater if the line of sight is toward the 
surface than for the contrary direction, but the internal illumination (/<) 
is almost independent of the aspect of tlie surface. For a glader, as for 
snow, the attenuation is logarithnuc: T = TolO'**; * is a little greater for 
red than for green, and its value varies with the structure of the glacier, 
recorded values varying from 0.008 to 0.032 cm"*. To varies greatly with 
the nature of the surface, ranging from 0.2 to 0.8 ; it measures the attenua- 
tion produced by the surface layer.®®® 

J. Vallot *®®* has found that in the neve of the Mt. Blanc gladers, deva- 
tion about 4 3 km, the diurnal variation in temperature does not extend 
bdow one meter, nor the annual below 6 5 meters. 

76. Emissivity of Ice and of Snow 

For radiation greater than 1 in wave-length, the absorptivity of ice, 
like that of water, is great (Section 75), and the reflectivity is smdl (Sec- 
tion 72) ; whence one may condude that ice and snow will radiate nearly 
as an ideal (black body) radiator, that their emissivities will not be much 
less than uni fy (see A. Angstrom ®®®) The very low value published by 
K. Siegl *“ is surely incorrect. 

E. Schmidt ®®® has reported the following values for the emissivity (e) 
of ice in terms of that of the ideal (black body) radiator, taken as unity: 

■“Vallot, J, Com^f reni., 1S6. 1S?S-1578 (1913) 

■•SiegU K., Stti-b Aha*. Wat, Win (At*. He). 116, 1203-1230 (1907) 

■* Schmidt, E., Farieh. GtHtlt Ingniturw, S, 1-S (1934). 
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Wet ice at 0 ®C, c = 0.966 =•= 0003, transparent ice at —9.6 ®C frozen to 
brass, c = 0965 0003, being the same whether the thickness of the ice 

was 0.4 mm or 08 mm; white frost at — 96 °C and 0 1 to 0.2 mm thick, 
e = 0985 0.03, lieing the same whether the frost was deposited on brass 

or on ice. 

77. Photoelectric Emission by Ice 

When the illumination is that produced by the radiation from an electric 
spark lietween aluminum terminals, and filtered by a thin plate of fluorite 
and not more than 3 mm of air at atmospheric pressure, the photo-electric 
emission of electrons by ice is 280 times as great as that by water, and 
070 times that by CuO®®‘ Its variation with the filtration is shown in 
Table 216. 

Table 216. — ^Relative Photoelectric Sensitivity of Ice 

Adapted from A L Hughes’*- fiased on the observations of 
W Obolensky 

Filtered radiation from an Al-sjiark, sensitivity = S’. For the fluorite 
filtered radiation, the S' of CuO is taken as 143. Xmin = shortest wave- 
length contained in the filtered beam. 


Tnit of X 

1 m/i » lOA = 10-T im 


Filter 

Xmln 

.9 

Fluorite* (Cal',) 

125 

100 

Quartz ( SiOj) 

145 

40 

Quartz and air 

177 

50 

Calritc (CaCOi) 

220 

0 

Glass 

3.10 

0 


* Witli not more than 3 nim of air at a pressure of 1 atm 


78 Absorption Spectrum of Ice 


In the region A = 6000.\ to 6p., the absorption spiectrum of ice is 
analogous to that of water, but the several wave-lengths at which the 
absorption passes through a niaxiiniini are each somewhat g;reater than the 
corresponding one for the liquid 

When the optical structure of the specimen is uniform and the path of 
the radiation is perjiendicular to the optic axis, the absorption has a maxi- 
mum at each of the following wave-lengths (see E K. Plyler ’*♦) • 

Ordinary * ray, X = 0 79 0 89 1 02 1 26 a* 

Extraordmary * ra>, X = 081 0 92 1 06 1 29f» 


• Certain inconsistencies in this and Plyter’s other paper *• reporting the same 
data have led to an interchange of the terms "ordinary'’ and “extraordinary” in 
Kverai qui^tions of these data The assignment here given is that in the author’s 
Table I, which he has informed me is correct 

Obolensky, W . Ann i Pkynk (4), 3», 961 975 (1912) 

■■■ Hughes, A 1-. /»( Cm TeWes, i, 68 (1929) 
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In other cases, in which the radiation passed parallel to the optic axis, 
maxima were observed at X = 1 50 (Bode^®* and Plyler), 1.95 and 4 5 u 
(Bode). 

Using a compound plate composed of portions of two crystals, Plyler 
observed maxima at X = 0 77, 0 85. and 0 99 fi, the path of the radiation 
being perpendicular to the interface of the crystals 

The ultraviolet absorption by ice has been studied by E. J. Cassell, 
who found a continuous absorption with a long wave-length limit near 
1670A. 

The band near 3 /i has lieen studied by G Bosschieter and J. Errera,®*® 
who found for ice only a single band with its maximum at X = 3 08 and 
two inflections, one near 2 98 and the other near 3 17 ;i, They ascribe the 
maximum (3 08/t) to a tndymite structure in which O is surrounded by 
4 H’s, two being nearer the O than are the other two 

A band near X = 62 /x has been reported for ice at — 10 °C by C H. 
Cartwright,®®* who thought that its origin is to be soiiglit in the crystalline 
structure of the ice. 


79 OPTicAr. Rotation by Icf 

When plane-polarized liglit is passed through icc-VI, the plane of polar' 
ization is rotated ®®'' 


80 Dielectric Properties ok Ice 

The dielectric properties of ite to be ainsidered here arc its dielectric 
constant («'), its absorption index (k) expressed in terms either of the 
equivalent conductivity (Xv = f"n>/4w = n-Kv) or of the pha.se defect 
(<ft = tan’*(t"/t'), and its dielectric strengtli Syinliols have been defined, 
dielectric theories discussed, and formulas derived in Section 49 For the 
electrical conductivity of ice see Section 81. 

Since ice is crystalline, it is to be expected that its dielectric properties 
will vary with the direction that tlie applied field makes with the axes of ihe 
several crystals. No information bearing upon this subject has been found 
All the observations seem to have rested on the tacit assumption that the 
axes of the individual crystals in the specimens studied had a completely 
random distribution It seems improbable that the randomness was com- 
plete in any case Differences between the results of the various observers 
may rest in part upon differences in the mean orientation of the axes of 
the crystals with rrference to the field 

For theories of the structure of ice as related to the dielectric constant 


•«Ca«»el, E J, Proc Roy Soc (London) (A). 1», 534-541 (1935) 

•“Bosschieter, G, and Errera, I, Com ft rend, 2oi^ 560-562 (1937), sunersedine Idem. 204, 
1719-1721 (1937) See also Ertwa: ) , Joir de cktmphys . 34, 618-626 (1937) 

•“Cartwright, C. H. Nature, 136, 181 (L) (1935) 

•"Poulter, T C, Phyi Rev (2), 31, 112 (A) (1931). 



496 


PROPERTIES OF ORDINARY WATER-SUBSTANCE 


see R. H. Fowler, ••• F. C. Frank, ••• W. F. Giauque and J. W. Stout, 
M. L. Huggins,"^ C. P. Smyth,^ A. Nemet.**® 

Dielectric Constant of Ice. 

O. Bluh has discussed the accord between the various theories and 
the observed values of c for a number of substances, the data for water, ice, 
and steam being considered m detail ; a bibliography of 172 titles is given 
W. Ziegler also has reviewed the subject, giving a bibliography of 159 
entries, and J. Errera has given an exposition of theory and in the last 
paper cited a summary of his work on the dielectric polarization of solids. 

G. Oplatka found that ice frozen from water that was not extremely 
well freed from gas and kept gas-free during the freezing contained large 
space charges, whereas pure gas-free ice contained none. Under suitable 
conditions the presence of a space charge may increase the effective dielec- 
tric constant 30-fold. He believed that none of the ice used by his 
predecessors in their study of its dielectric constant was gas-free. 

C. P. Smyth and C. S. Hitchcock have reported that for ice frozen 
from a 0.0002A/ solution of KQ (1 KCl to 278000 HjO = 1 g KCl to 
67 100 g water) / is greater than that of pure ice, and the e' vs. t graphs 
show hysteresis at the lower frequencies, the t' for increasing temperatures 
being less than that for decreasing The specific conductivity (k) of the 
solution was 10®A = 2.2 (ohmem)**. 

E. J, Murphy has found “no indication of an abrupt disappearance 
of the polarization responsible for the high dielectric constant of ice at any 
temperature above —139 °C.’' The mam effect of lowering the tempera- 
ture “appears to be an exponential increase of the relaxation time of the 
polarized condition of the dielectric” 

In addition to the data given in the following tables and graphs, a few 
measurements at an unstated temperature have been reported in insufficient 
detail Iqr H. Brommels 

The most extended series of measurements of e' at various frequencies 
for ice at various temperatures are those by J. Errera,®” C. P. Smyth and 
C S. Hitchcock,®"* H, Wintsch,®’* and E. J, Murphy ®®" The last alone 
gives values for temperatures below —70 ®C, but his observations are dis- 

Fowler. R H, Proc Koy Sac (London) (A), M», 1-28 (19J5) 

•Frank. F C. Trans Faraday Sac, 32, 1634 1647 (1936) 

«"Giau<t«ie, W F , and Stout, J W, 7 Am Chem Sac. SI, 1144-1150 (1936) 

Huggini. M t,,J PhvsT Ckrm , 40, 723-711 (1936) 

4* Sairth, ( P , ChrmT Rev . If, 329-161 (1936) 

•Nemet, A . Htlv P)i\s Ida, I, 97 116 (1935) 

BIfih. O , Pkvsti Z . 27, 226-227 (1926) 

« Ziexler, W , Pkysili Z , 35, 4 76-503 (1934) 

«”0|ilatka, C. llelv Phys Acta, t, 198 209 (1931) 

•"Smyth. (' P. .md Hitchcock, C S., / Am Chem Sac, S4, 4631-4647 (1932) 

•" Murphy, E. J , 7 roar Elecirach Sac (Amrr ), IS, 133-142 (1934), 

••• Brorameli, 11 , Comment Pkyo -Moth Sac Fonmea (Helsmgtan), 1, No 19 (1922) 
‘“Errera, J . Jonr do Phys (6), 5, 304-311 (1924) 

*“ Wiotach, H , Htlv Phys Acta, S, 126-144 (1932) 
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cordant with those of the others in at least two particulars: (1) his values 
at —7.1 to — 45.8°C at low frequencies are much higher, e' being over 95 


Table 217. — Drude-Debye Constants for the Dielectric Constant of Ice 

« = e' — te", e' = *0 + («1 — «o)/(l + oV) J k, = 1/a, A, = CO, t = — X 

(«o + 2)/(ei + 2), A, = transition wave-length See Section 49, p. 356. 
It has been found empirically that a = ac'4*. Each of the three extended 
series of observations now available lead to a different set of values for 
eo, €], a, and j8, the most consistent being those by SH 

t’nit of a and of t — 1 sec, of vs « 1 cycle/tec, of Xs -* 1 km Temp — f "C 
t lOM lO^a* X. 10"T 


I Smyth and Hitchcock (1932) cq = 3 0, tj = 74 6, a = 116.0 
microsec, 13 = 01015 (°C)"^ 


-0 

1 160 

1346 

8620 

.34 8 

1205 

-2 

1421 

2019 

7037 

426 

148 

-S 

1927 

3 713 

5189 

.578 

200 

-10 

2 202 

4 849 

4541 

661 

229 

-IS 

S217 

2722 

1917 

156 5 

542 

-20 

8833 

78 02 

1126 

265 

917 

-2S 

1466 

214 6 

682 

440 

15.23 

-30 

24 37 

593 9 

410 

731 

25 3 

-40 

67 23 

4520 

149 

2017 

699 

-SO 

18S6 

34450 

539 

5560 

193 

-60 

S121 

262200 

19 52 

15.360 

532 

-70 

1413 1997000 

708 

42360 

1467 

II Wintsch (1932) 
00906 CC)-^ 

«=* «« = 7 5,t, 

= 73 0. 

a = 141 2 microsec., p ■■ 

-0 

1412 

1994 

7082 

423 

284 

-5 

2221 

4933 

4502 

66 6 

448 

-10 

3 492 

12194 

2864 

1047 

704 

-20 

864 

74 65 

1157 

259 

1740 

-30 

2120 

449 4 

472 

636 

427 

-40 

S29S 

2803 7 

188 8 

1587 

1066 

-SO 

130 3 

16980 

76 7 

3907 

262 4 

III Errera (1924) 
0090 (°C)-‘. 

.«• «o = 30, 

= 77 2, 

a = 182 micro.sec., p ■■ 

-0 

182 

3 312 

5491 

546 

183 

-2 

2178 

4 744 

4591 

65 2 

219 

-S 

2 855 

8151 

3503 

865 

2 87 

-10 

4 477 

20 04 

2248 

134 2 

4 50 

-20 

1101 

121 2 

908 

330 

11.07 

-22 

13 20 

1741 

758 

396 

13 3 

-2S 

17 27 

298 2 

579 

518 

174 

-30 

2708 

733 4 

369 

812 

27 2 

-37 

50.96 

2597 

196 

1528 

512 

-40 

6661 

4437 

150 

1998 

669 

-so 

1640 

26900 

610 

4914 

165 

IV 

Murphy (1934) 

409 jrjvcs 10 ^ 1 ^ = 

: 1 85c ® where ru= 

r(ei -1- 2] 

(co + 2) =a/2n. Whence 10»o = 116c-«i»«*. 

See remarks in text. 



Table 218. — Dielectric Constant of Ice: Observed and Computed 

(See Table 219 and Figures 10 and 11 for other observed values ) 
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Though so printed, this value seems to be wrong 
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Table 219. — Dielectric Constant of Ice 
(See also Figures 10 and 11.) 

At— 5'’C£'= — 008 + 034 logiov cgse units, if 10^ < v < 10® cycles/ 
sec.®^® E J. Murphy*®® has reported the folloiving high values, as read 
from his graphs, unit of v being 1 cycle/sec: — 90 °C, ballistic method, 
«' = 150, -45 6°C,v= 15, t' = 87 ; -7.1 °C, r = 300, *' = 95 ; for other 
values, consult his paper. 

Unit of X =* 1 kfn« of v * 1 kilocycle/oee, of c' * 1 cg^e. Temp » / ®C 

I. Sm)rth and Hitchcock, 1932. See Table 218. 


II. Wmtsch,® 1932, read from his graphs Water was thrice distilled, 


collected 

in quartz, and boiled just before freezing. 



t-* 

-5 

-6 

-10 


-20 -10 

-40 

-50 

005 

85 3 


852 


820 740 



065 

74 0 


712 


585 370 

218 

170 

100 


697 

65.5 


44 5 23 5 

151 

124 

1 13 

69 2 


645 


41 8 21 8 

14 2 

112 

160 

65 5 


570 


300 160 

no 

93 

200 


59 5 

514 


23 6 12 9 

96 

85 

300 


489 

38 7 


164 100 

80 

75 

3 50 

46 5 


333 


138 87 

75 

400 


402 

296 


124 89 

73 


SOO 


33 2 

240 


102 80 

68 


510 

34 8 


23 0 


100 70 

63 

62 

6 00 


28 0 

19 4 


90 71 



700 


241 

164 





800 


210 

145 





III 

Errera,® 

1924, certain typographical errors corrected 


t~* 

\ 


-2 


-s 

-22» 


-47 5 







74 

680 

0 441 

77 3 


76 

43 5 


465 

0 645 

76 


74 

34 3 

1015 

415 

430 

0 698 




315 

83 

368 

294 

1020 

73 4 


72 6 

19 4 

46 

3 22 
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2.76 

54 

5 56 

30 6 


25 4 

46 

32 

385 

780 

232 


16 6 

34 

3 


28 5 

10 5 

15 2 


116 

31 



16.5 

16 2 
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56 




8 

37 5 

46 


44 

23 


2.3 

1 1 

273 



386 

22 



IV. 

Granier,® 

1924, f = 

- 12 °C: 

from water having 10®^ 

: = 1 54 

(ohm-cm)'^. 








X 

p 

f' 


X y 

«* 



70000 

00043 

153 


176 17 

38 



6000 

0 050 

100 


59 51 

235 



940 

0320 

86 


1 15 260 

205 



194 

155 

56 


0 045 6700 

2.05 



56 

540 

12 






^Curtis, H L, and Defaadorf^ F Jnt Cnf. Tobies, 78 (1929^, from Gutton^ CtmpU 
tend, Vi, 1119-1121 <1900). 
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Table 319 — (Contmued) 

V. Adapted from Intcrmlional Critical Tables; CD® 


»-» 

r 

t 

v = 00S0; 

Ths* 

-70 

-2 

94 

-80 

-10 

95 2 

-90 

-18 

96.5 

-100 

-182 

3 

-110 

e = OA20’ 

DF, FD* 

-120 

-20 

595 

-130 

-30 

59 0 

-140 

-40 

58 5 

-150 

-50 

560 

-165 

-60 

49.5 

-185 


e* 

t o' 

415 

» = 0320; DF'* 

315 

-7 51 

202 

-47 3 6 

14 5 

p = audio , A* 

86 

-80 3.8' 

61 

r= 10000; Thg* 

47 

-2 3 4 

35 

-5 2 8' 

27 

a = 100000; BK* 

243 

- 190 1 8‘ 

243 



* References : 
A 
UK 
CD 
DF 
OF' 

Er 
FD 
Gr 

Jt* 

Tha 
W 


Abeee, S . d Pkynk (Wud ). O, 2*9-2Si nw) 

Beliiit U.t end Kiebita* F « “Boltamenn Featadirift, p 610-617* 1904 
Cortii, H L., and Defondorf, F M."* 

Dewar* J.* and demine* J A* Proe, Roy Soe (LondM}, 61, 2-18 (1897) 

Dewar, J , and Flefflinc, J. A , Idem, 62, 2S0-266 (1898) 

Cffcrai J 

Fleming, J. A , and Dewar, J * Prae Roy Sec (London), 61, 316-330 (1897) 
Grantcr, J, Comet rend, 1», 1313 1318 (1924) 

Tliwrag, r. B . i Pkyeth Cktm , 14, 286-300 (1894). 

Thomaa. P. Pkyt. Rev, 31, 278-290 (1910). 

Wintaeh* H.«* 

* All of theae —22 ”C values are out of line with the others (see Fig 9) ; it seems 
probable that the temperature is misprinted If it was actually somewhere between 
— 2S and —77 *C the values would about fit 

•This temperature was printed — 27°C, but — 37'C makes these values fit with 
the others , probably a misprint. 

•This X was printed as 97, but 79 is required to bring the values into line with 
the others. The r's have been computed by the compiler, and the 380 corresponds 
to the 79. 

•The condenser was charged and discharged 120 times a second by means of a 
vibrating contact-maker controlled by a tuning fork 

' At 5 niegacycles/sec this same value (3 8) was found throughout the range 
0 to -24*C*“ 

'At — S 'C and 10 megacycles/sec C Gutton"* found *' = 2.3 

* At — 4.S'C and 83 megacycles/sec B de Ixnaizon and J. Granier‘“ found e' = 
217. 


at —7.1 ®C and nearly 90 at —45 8 °C, and his ballistic values at —90 ®C 
are about ISO; (2) hus graph shows that the logarithm of Debye’s i (see 
page 355 is linear in the reciprocal of the absolute temperature, whereas 
the other sets of data just mentioned indicate that it is linear in the tem- 
perature True, Murphy gives for t an expression that requires the 
logarithm to be linear m the temperature, but that expression is a mere 
approximation, compromising with the graph and limited by him to tem- 
peratures above —46 ®C. It should be noticed that his t is so defined as 
to be (fi -I- 2)/(fo + Z) times as great as Delve's. 

From the data by each of the other three, the present compiler has 
determined graphically and by cut-and-try methods the three constants 
(«o. «i ~ <o» suid a) occurring in the Drude-Debye isothermal relation i = 
*0 + («i — «o)/(l + (see eq. 9, Section 49), and has found in each 

-o'Alian, S.* ^mi. d. Pkveit (Wted.), tS, 329-236 (1898). 

«*de TifiHilimii, B., and Craaier, J., Cimpt. rmd* tl8k 198-199 (193S). 
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case that the logarithm of a is linear in t; a is proportional to Debye’s r. 
The values of all three sets of constants and of the a and in log a = 
log » — pt are given in Table 217. It will be noticed that the three /8’s 



Figure 9 Dielectric Constant of Ice Variation of e' with (1 + o’r*)"*. 

The obaerved values of e’ given by Errera (A), Smyth and Hitchcock (B), and Wintech (C), 
and contained in Tables 218 and 219 are plotted against the reciprocal of (1 +o*^), the value of 
Q being in each case determined from the constants given in Table 217. The origin of the scale 
of s' la shifted from curve to curve, each scale being appropriately marked The 5 questioned 
values of Errerm’s all refer to the temperature published as -22 ‘Cl if the actual temperature was 
somewhere between -25 and -27 ’C these points would lie near the line 


differ but little, but the a’s differ greatly, suggesting that the three samples 
of ice differed significantly in some manner. It seems possible that some 
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single value of /3 might be used in all three cases, and the oc’s be adjusted 
so as to obtain a satisfactory agreement with the observations, but time for 
testing this is not now available. It will also be noticed that, as in the 
case of water, the values that must be used for co and £i do not agree respec- 



ai 02 ai I 2 » K> mu/ui M too wp foo 


Figure 10 Isothermal Variation of thi Dielectric Constant (e') of Ice with the 
Frequency (r) of the Field 

I tut of e' - 1 Cffs^t of •» — 1 kilwyclcAec 

[Adapted from compilation hv 11 L Curtis and 1' M Uefandorf, Uit Crit TabUs, 6, 78 
(1«29)— liawd uiMii dala bjr J Errera, Jokt de Phyj (6), 5, 904-311 (1924)— with the addition 
of an obienation (circle) by J A Fleming and J Dewar, i’roi Roy Soc London. 61, 316-330 
(1897) I 


lively with the sejuare of the optical index and with the static value of t'. 
After the values of the constants had been obtained, each value of t of 
each set was plotted against the reciprocal of the (xirresponding value of 
(1 + oV), using for a the value defined by the derived values of tx and p. 
These graphs are shown in Figure 9 It will be noticed that all the values 
of c' given Iqr Smyth and Hitchcock, whatever the temperature and fre- 



80. ICE- DIELECTRIC properties 


503 


quency may be, lie quite satisfactorily along a right line, with a single 
exception Those read from Wintsch’s graphs do likewise except at the 
extremities, but the spread is greater; and Errera’s values, corrected for 
two obvious misprints (see notes to Table 219) fit well, excepting the set 



Figure II. Thermal Variation of the Dielectric Constant (e'' of Ice for 120 Charges 

and Discharges per Second 

[From compilation by H L Curtis and F M Defandorf, Int Crit Tables, (p 79 (1929), baaed 
upon data by J Dewar and J A Fleming, Proc Roy Soc London, blf 2-lH (1897), and by J A 
Fleming and J Dewar, Idem, 61 , 316-330 (1937) Cf Table 219, Section VI 


for — 22 °C, which are consistently low'er. If the temperature given in 
his table as —22 °C was actually somewhere between —25 and —27 °C, 
these points also would lie close to the line. It seems probable that this is 
another misprint. In Table 218 each of the values of e' given by Smyth 
and Hitchcock is compared with the corresponding one as computed from 
the constants obtained from their complete set of values. 
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Dielectric Absorption of Ice. 

(For definttions of terms and symbols see Section 49.) The value of 
the dielectric absorption of ice is commonly indicated by means of either 
the phase defect ^ = tan"^(c"/*') or the apparent conductivity ka = t"v/2 
cgse units = (cVi'/2)10-*(ohm-cm)-‘, e" being expressed in cgse units, 
and c = velocity of light. 

The values of t" and of e' can be computed from the constants given in 
Table 217, and from them <f> and fe, may be obtained. These calculations 
have been carried through for the observations of Smyth and Hitchcock 
and are given in Tables 220 and 222. Whether the experimentally deter- 
mined values of ^ and ka are entirely free from the effects of such true con- 
ductivity as the ice may have had, is not entirely clear. 

Table 220. — ^Pbase Defect for Ice: Observed and Computed 

^ = tan*^ (*"/*)• Calculated (Calc) values are those defined by the 
formulas t' = *o + («i ~ *o)/(l + a®»^) and e" — (ei — co)ai'/(l -1- o®i'®) 
with €0 = 3.0, €1 = 74 6; 10'‘o = 1.160c-® sec Temp = t ®C. See 
text. Observed (Obs) values are those derived from the values given by 
C. P. Smyth and C. S. Hitchcock ‘®® for the equivalent conductivity and the 
dielectric constant. The specific electrical conductivity (fe) of the water 
used was 10“* = 2(ohm-cm)'*. 

Unit of » “ 1 cycle/Mc; of 0 = 1' of ore Ttmp »= ( 'C 


v/1000-. 

0 1 

0 5 

1 

5 

A, 

20 

60 

( 

Ot» CMc 

Dif 

Ob« Calc 
Dif 

Obi Calc 
D.t 

Obi Calc 

Dif 

Obi Calc 

Dif 

Obs Calc 
Dif 

-1 

4.0 23 

+ 17 

48 35 

+ 13 

80 70 

-t 10 

312 316 
-04 

618 628 
-10 

64 4 65 5 
-1.1 

-3 

2.4 26 

-02 

48 43 

+0 5 

92 86 

+06 

368 363 
+0 5 

63 7 65 0 
-1 3 

63 7 63 3 
+04 

-5 

33 32 

+01 

56 53 

+03 

114 105 
+09 

414 417 
-0.3 

64 8 666 
-18 

624 601 
+2.3 

-10 

46 36 

+ 10 

11 1 60 
+ 51 

180 119 
+61 

53 0 45 2 
+78 

644 672 
-28 

54 5 57.6 
-31 

-20 

145 142 
+03 

25 2 228 
+ 24 

40 4 394 
-110 

651 67.1 
-20 

542 514 
+28 

32 8 240 
+88 

-30 

389 345 
+ 44 

536 47 8 
+ 58 

612 621 
-09 

58 5 59.2 
-07 

303 259 
+64 

182 93 

+89 

-40 

60.5 590 
+ 15 

66 1 65 8 
+ 03 

62 7 664 
-3 7 

36 8 347 
+21 

147 100 
+47 

143 34 

+ 109 

-50 

63.9 671 
-32 

58 4 63 4 
-50 

48 5 502 
-17 

180 144 
+36 

73 37 

+3.6 

77 12 

+65 

-60 

49.8 54 6 
-48 

38 3 419 
-36 

29 5 24 8 
+47 

104 53 

+51 

41 13 

+2 8 

68 04 

+64 

-70 

38 0 291 
+8.9 

27 5 18.6 
+89 

20.4 96 

+ 10.8 

76 1.9 

+57 

19 05 

+14 

64 02 

+62 
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Table 221. — ^Phaee Defect for Ice 

For definitions of terms and symbols see Section 49 ; tan ^ ss «"/*'. 
The electrical conductivity (k) of the water used by Wintsch was not 
stated; it was triply distilled and collected in quartz. For that used by 
Granier 10*ft ~ 1.5(ohmcm)*^. 

Unit of p ^ 1 kilocycle/see* of ^ 1* of are. Temp ^ 


I. Smyth and Hitchcock, 1932, see Table 220. 

II. Wintsch,**® read from his graphs. 
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44 5 


52 7 
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410 

37 5 

60 


496 
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59 5 




70 
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80 


540 

58 8 





III. Granier,*** 

1924; t 

= - 12 

» c . 




p 0050 

0.320 

1.550 

5.40 

170 510 

260 

6700 

64000 

^ 28 

32 

50 

68 

68 54 

18 

07 

05* 

* This value (0 5) is 

from Granier."’ 






Dielectric Strength of Ice. 

P. Thomas ***■ has found that in a uniform alternating field applied at 
the rate of about 600 volts per second (frequency = 1000 cycles/sec) ice 
broke down when the field reached the value of 11,000 volts/cm; e' = 86.4 
cgse, conductivity = 1.4 X 10"®(ohm'cro)"*; temperature is not stated. 

81. Electrical Conductivity of Ice 

In any discussion of the electrical conductivity of ice it is quite essential 
to recognize the several distinct types of effect that contribute to the 
observed effective conductivity. 

In most cases, the value assigned to the (effective) conductivity is that 
derived from the resistance R which must be placed in parallel with a pure 
«-a pa>-itanr.» C in Order to obtain an exact equivalent of the actual ice- 
condenser under the existing conditions. If the ice-condenser were merely 
a leaky condenser— if the ice were composed of an ideal, nonconducting, 

"•Grinler, J., C<ml>t. reni , 179, 1S13-1318 (19*4>. 

«» Gnmer, J., BuU Soc Fr des Eltc. (4), 3, 333-482 (1923). 

«iu Thomasi P., J FroiiWm Inst , 17^ 283-301 (1913). 
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electrically perfectly elastic dielectric interpenetrated along the lines of 
electric force by threads of an ideal conductor — then R would be the com- 
bined resistance of those threads, and the conductivity computed from it 
would be the actual conductivity of the ice, which may be designated 1^ k 
But the problem is not so simple Unless the ice is exceedingly pure 
and gas-free, which last has probably not been the case in any of the work, 
it will acquire a space-charge under the action of the field.*®^ With con- 
stant fields this will act as a kind of polarization, adding itself to the polar- 
ization of the electrodes. With alternating fields, it may constitute a quite 
significant part of the actual current The energy dissipated by the alter- 
nating concentration of this charge now nearer one electrode and now 
nearer the other will contribute to R, giving rise to a new term (ke) in the 
effective conductivity. It seems reasonable to expect that both k and fe* 
will steadily decrease as the temperature falls, and that for a given tempera- 
ture, kc will increase with the frequency (v), but k will not 

Furthermore, the molecules of HoO are polar. Hence, they will tend 
to place their electrical axes parallel to the impressed field.* The dissipa- 
tion involved in such reorientation will also contribute to R, and hence to 
the effective conductivity *** Denote this component by kp As 
the temperature is decreased, it is to be expected that both the resistance 
to the rotation involved m such reorienation will be increased and the extent 
of the rotation will be decreased The former w’lll increase, and tlie latter 
will decrease, the dissipation Whence, one should expect the dissipation, 
and consequently kp, to pass, in general, through a maximum, and then to 
decrease to zero, the frequency being constant and not too great. If the 
frequency is very high, the molecules may not have time to rotate through 
an appreciable angle, and kp will be zero ( See also p 504 ) 

Thus it IS evident that the effective conductivity (fee) of ice is, in 
general, made up of at least three terms, fe„ = fe -t- + fe^. The static 

conductivity is fe, suitable correction lieing applied frr .such polarization as 
may exist , at intermediate frequencies, kp may be the dominant term ; and 
at high frequencies, fee may be supreme The data at present available do 
not suffice for a complete separation of these three terms, but they are con- 
sistent with the ideas just expressed (see Table 223). For example, 
Johnstone’s static values for ice ( 10®fe = 2 80 (ohm cm)‘^ at 0 °C and 0 026 
at — 19 °C, electrolytic polarization eliminated) are not only much lower 
than the conductivity (10®fe = 71 at 17 9 °C) of the water from which the 
ice was frozen, but are also lower than that (lO^fe = 4) of the purest water 
obtained by Kohlrausch. On the other hand, Smyth and Hitchcock found 
at 60 kc/sec and — 1 ®C the great value 10®fe„ = 29.9, over 7 times that of 
the purest water, and actually IS per cent of that (10®fe = 200) of the water 
from which it was frozen; the value decreased continuously with the tem- 

♦ P Debye *“ has shown that even if the maximum dielectric constant (80) were 
due entirely to such orientation only 1 molecule in S million need follow the field 
*“ Debye, P., "Poler Udeeiilee,’’ p 106, New York, Reinhold Publiehlna Corp., 1929. 
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perature. It seems that here k, is the dominant term. In the range 
V ss 0.3 to 1 kc/sec, the same authors found that fct passes through a maxi- 
mum, the value at the maximum decreasing with v. Thus, at v = 1 kc/sec, 
10»*, = 0.57 at -1 “C, 2.14 (max.) at -20 “C, and 0.069 at -70 “C, all 
lower than that for the purest water. Here kp is dominant. Why the 
values at — 1 °C and v — 0.3 to 1 kc/sec are so mudi lower than the static 
one found by Johnstone at 0 °C is not clear. 

For a complete interpretation of the variation of k, with the tempera- 

Table 223. — Electrical Conductivity of Ice 
(See also Table 224.) 

The text should be consulted. The conductivity of the water from 
which the ice was formed is indicated in each case. It seems probable that 
the kf of SH and of G is essentially kp. 
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* Sec J H. L Johnstone 
•References 

G Cramer, J *'• 

ICT BJerrum, N Baaed on obaerrationa of J H. L Jobnatone *» 
SH Smyth, C P , and Hitchcock. C S 

* Computed by the compiler from Granier’s data 


ture, consideration must be given to the progressive melting discussed by 
Buchanan (p. 469) 

J. H, L. Johnstone has stated that the effects of polarization are 
great, are not entirely electroljrtic, and are difficult to eliminate. The 
observations of G. Oplatka***^ indicate much the same. Johnstone used 
potential leads, and measured their potentials electrostatically. The only 
measurements at exceedingly low temperatures seem to be those by Dewar 
«• Jdhnitone, J H. 1., Pror. Trmif. Sopc Snham Imjt SH., 13, 136>144 (1913). 
o'flcmliw, J. A, and Dewar, J., Pror. Rpy. Sue (London), Cl, 316-330 (1897). 








81. ICE: ELECTRICAL CONDUCTION 


509 


and Fleming (Table 224). The method employed is not described, but it 
appears to have been a static one, the resistance being derived by means of 
Ohm's law from the steady current and the applied voltage. There is no 


Table 224. — ^Thermal Variation of the Electrical Resistance of Ice 

The several sets of values of R are not comparable. 

It seems probable that the values attributed to Wintsch (read from his 
graphs) represent mainly the component {kp) arising from dielectric 
absorption. Those attributed to Dewar and Fleming seem to have beai 
inferred from the constant impressed voltage and the observed current ; the 
values are merely approximate, and the two sets, having been obtained with 
different vessels, are not comparable; the first set refers to ice from ordi- 
nary distilled water, the second to that from especially pure water; tp is 
the temperature inferred from their platinum thermometer, and is lower 
than the actual temperature on the centigrade scale. Frequency is v. 



Unit of Jt - 1 

ohm . of If 

1 kilocyde/tec 

Temp 

-fC 




I. H. Wintsch. 

412 









-5 

-6 

-10 

-20 

-30 

-40 
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y 




— /?/1000 — 






005 

57500 


42400 

19000 

7750 





065 



342 

202 

184 

233 


278 


100 


198 

172 

118 

139 

202 


249 


1 1.1 

184 


144 

108 

133 

194 


240 


160 

112 


86 

81 

116 

180 


224 


200 


76 

65 

70 

111 

172 


216 


300 


42 

42 

59 

102 

159 


198 


3 50 

36 


35 

56 

99 

152 


192 


400 


31 

32 

53 

96 

148 


182 


500 


24 

28 

49 

92 

139 


168 


510 

23 


28 

49 

92 

138 


178 


600 


20 

26 

48 






II J. Dewar and J A Fleming 

.*** Fleming and Dewar.**® 
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h 

R/IO* 

tp 

R/VP 

tp 

R/IO* 

tp 


R/lO’ 

-707 

434 

-93.2 

282 

-102 

1 

- 

-920 


1200 

-75 0 

428 

-95.2 

353 

-192 

3 

— 

1382 


2000 

-823 

463 

-98 8 

470 

-261 

15 

— 

1521 


2500 

-844 

534 

-1084 

706 

-276 

40 


206 


25000 

-863 

665 

-1260 

1130 

-332 

250 





-882 

914 

-1350 

1570 

-42.1 

260 





-888 

118.0 

-172 0 

5670 

-470 

410 





-919 

209 

-2000 

26200 

-682 

1200 






way in which the actual conductivity can be inferred from the resistances 
they tabulated. They remark: “Above a certain temperature there is a 
relatively rapid increase in the conductivity of the ice, as it rises in tem- 
perature.” A single series of observations at an unstated frequency has 

w Bfominda, H,, Comtiunt Pkyi.-Uath, Sac Sei, Fnntca (Hahmefart), 1, Ko 19 (1922). 

a* Bjerrum, N., ItU Cnt. Tabltt, i; 1S2 (1929). 

<*Oew>r, j., and Fleming, J. A., Proe, Roy. Sac (London), <1, 2-18 (1897). 
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been published in insufficient detail by H. Brommels,^** the values of 10®^* 
increasing from 389 at — 1.2“C to 47 3 at — 17.3°C. H. Wintsch®^® 
used triply distilled water condensed and collected in quartz, but it was 
probably not completely gas-free when frozen, his data for ke were given 
by graphs only. 

82 . Miscellaneous Electrical Data for Ice 
Pyro-«lectric Effect. 

J. Smithson has observed that hail frequently consists of two 
hexagonal pyramids joined base to base. "One of the pyramids w trun- 
cated, which leads to the idea tliat ice becomes electrified on a variation of 
its temperature, like tourmaline, silicate of zmc, etc.” This is the only 
mention of the probability of ice being pyroelectric that has come to the 
compiler’s attention, though the observation of J. M. Adams,^®* that the 
ice-crystal is asymmetric with respect to its basal plane, indicates the same 
thing Such asymnieti y indicates the existence of piezo-electric properties 
also 

83. Magnetic Susceptibility of Ice 

Like water, ice is diamagnetic G Foex**® has found that at the 
moment of freezing, the numerical value of the specific susceptibility (x) 
decreases by 2 4 per cent In their compilation, K. Honda. T Ishiwara, 
T. Sone, and M Yaniada^"^ give x = ~ ^ micro-cgsm for the entire 
range 0 to —120 °C, based on the obsenations of T. Ishiwara®*® Taking 
the density of icc as 0 9108 g/cm'' at 0 °C, this gives for the volume suscep- 
tibility (k) at 0 ®C the value k = — 0641 nucro-cgsm 

More recently B. Cabrera and H Fahlenbrach have reported obser- 
vations indicating that x = ~ 07019(1 + 00(X)667t) micro-cgsm, and that 
the change on freezing is 2 2 per cent This temperature coefficient, nearly 
6 times that for w ater, is entirely incompatible with Ishiwara’s observations, 
which extended to —120 °C, whereas Cabrera and Fahlenbrach did not go 
below — OO^C. 

*“ Smithson, J , Ann Pkilot 5 1.5, 340 (1823) 

*'®AJnm.. T M, Proc Ray Sac (tan Jon) (A), 128, 588-591 (1930)-*PSjj Rev (2), 38, 
288 (A) (1930) 

e"laex, C, S« Piccnrd, A, Arch act phye rt not (4), 35, 209-231, 340-359, 458-482 (1913) 

•"Honda, K. Ishmar.-i, T. Sone. T., and Y.imada, M, Jnt Cnt Tables, t, 354-366 (356) 
(1929) 

•■■iBluwara, T, Science Rep TShaku Univ , SenJat (1), 3, 303-319 (1914) 

•"Cabrera, D, and Fahlenbrach, 11, Am. Sac Bsp Tie y Qnim , 31, 401-411 (1933). 



III. Multiple-phase Systems 

84. Surface-tension of Water 

The number of articles treating of surface-tension and it.s measurement 
is very great, but in many cases, most unfortunately, the author of the 
article is not sufficiently acquainted with the mathematical derivation of 
the formula employed in obtaining the value of the surface-tension from 
the observed quantities to be able to appreciate its true significance As a 
consequence, the experimental conditions realized by him frequently fail to 
accord with those demanded by the formula used, and the value of his dis- 
cussion of the work, whether of himself or of another, is seriously impaired 
Furthermore, and as a result of his failure to check its derivation, he occa- 
sionally uses a formula that is actually wrong, one involving a misprint or 
an algebraic error; and, in some cases, he merely guesses at the value of 
certain small corrections. 

As a consequence, any mere assemblage of the various values published 
for the surface-tension of a given substance — such an assemblage as is 
commonly given in tables of constants —is of no assistance in enabling one 
to form an idea either of the most probable value of the surface-tension of 
that substance, or of the variability of its apparent surface-tension under 
good laboratory conditions, or of the possible dependence of its apparent 
surface-tension upon the method employed in measuring it 

Before such information can be obtained, each determination must be 
studied individually and in every detail, including the derivation of the 
formulas and their applicability to the experimental conditions actually 
realized. This involves great labor. In general, every determination 
based upon observations and computations that have been published with- 
out sufficient detail to enable one to make such a critical study should be 
summarily discarded as valueless; so should those for which the experi- 
mental conditions depart from those demanded by the formulas, unless the 
numerical value of the effect of such departure can be satisfactorily deter- 
mined I know of no publication of such a study of the existing data for 
surface-tension Comparisons of selected groups of observations, of course, 
exist; and personal estimates of the most probable value of the surface 
tension of each of certain substances have been published from time to time. 
These estimates are presumably based upon some such detailed study as 
that just mentioned, but in some cases it is obvious that the study fell far 
short of what should be desired. 

For values of the volumes of water menisci, see Tables 286 and 287. 
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Factors Possibly Affecting Surface-tension. 

That the surface-tension of a liquid varies with the temperature and to 
a less extent with the nature of the overlying gas, and that its apparent 
value is greatly affected by even slight contamination of the surface, are 
well known facts. The first two are considered elsewhere, Tables 225 and 
226, and text (p. 524). Of the third, nothing more need be said, as the 
data to be presented supposedly refer to uncontaminated gas-liquid surfaces. 

But from time to time questions arise regarding the possible dependence 
of the observed surface-tension of a liquid upon other factors They have 
to do with (1) the method used, (2) the material of the tube (in the 
method of capillary rise), (3) the effect of proximity to a solid wall, 
(4) the age of the (uncontaminated) surface, (5) the effect of illumination, 
(6) of electrification, (7) of a magnetic field, (8) of prolonged contact with 
catalysts. These, especially in their relation to water, will be considered 
here. 

(1) . In comparing the results obtained by different methods, no effect 
arising either from the use of erroneous formulas or from a failure to secure 
the conditions demanded by the formulas used in the computations need 
be considered, for such effects result from mere blunders, and the data 
involved should be discarded unless the effects of the blunder can be elimi- 
nated. This greatly reduces the amount of data to be compared. Those 
left give no certain evidence of any difference that can unquestionably be 
attributed to a difference in the method, but a more careful comparison of 
the several available methods is much to be desired It is entirely possible 
that the results obtained by dynamic methods may differ from those by 
static methods, and that the experimental details involved in some methods 
introduce unanticipated effects 

(2) . In 1894, P. Volkmann * found that the height to which water 
rises in a glass tube is independent of the nature of the tube ; and recently, 
E. K. Carver and F. Hovorka* have found, contrary to the announced 
results of S L Bigelow and F. W. Hunter,* that the same is true for tubes 
of glass, zinc, copper, and silver 

(3) It has long been recognized that the density, and even the struc- 
ture, of a liquid in the immediate neighborhood of a solid may differ from 
that at a great distance from all solids. Any such difference would prob- 
ably result in the tension of the gas-liquid surface near a solid wall being 
different from that elsewhere. In that case the form of the surface will 
differ from that corresponding to a surface of uniform tension, and, con- 
sequently, the value of the surface-tension as computed from the observa- 
tions will differ from that for the surface far from solid walls, since all 
such computations are based on the assumption that the form of the sur- 
face is that corresponding to a surface of uniform tension. Such an effect 

* Vulkmsnn, P , Ann d Phynk (Wird ), S3, S33.S63 (1894). 

• <3»r»er, B. K., aad Hovoikt, F., 7 Am Chim. Sx, St, 132S-1328 (192S). 

■Biedow, S. L., uid Hunter, F. W, 7 Phys’l Chtm. 1^ 387-380 (1911). 
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might greatly exceed the dependence of the tension upon the nature of the 
solid. In the case of capillary rise, it would become of ever-increasing 
importance as the diameter of the tube is reduced. 

W. A. Patrick and N. F. Ebermann * have published observations which 
they interpret as indicating that the pressure of the vapor in equilibrium 
with the concave liquid-gas surface in a tube of very small diameter (a few 
microns) is less than that computed for a surface of the same curvature 
and the tension characteristic of a flat surface of the liquid far from solid 
walls (for formula, see p. 568). This suggests that the tension is gp'eater 
for the smaller surface, presumably on account of the presence of the solid 
walls. But the actual significance of their observations is not entirely 
clear, and the interpretation of them is correspondingly difficult. In at 
least some cases, the interpretations offered may overlook essential factors, 

pointed out by D J. Woodland and E Mack, Jr.® That the observa- 
tions are not to be accounted for by the mere curvature of the surface is 
indicated by the earlier observation of N Gudris and L. Kalikowa® that 
the partial pressure of the vapor in equilibrium with air-.suspended water 
droplets 01 to 1.0 /t in diameter is equal to that computed by Kelvin’s 
(Thomson’s) formula (p 568) Furthermore K W. v. Nageli ^ had 
found that the pressure required to drive water from tubes 3 to 9/t in 
diameter is about the same as would be inferred from observations on much 
larger tubes He used freshly drawn tubes, and stated that older tubes 
always gave off air, forming minute bubbles in the water, which impeded 
the flow. 

The subject is intimately connected with the least thickness of an 
adsorbed layer that has the same vapor pressure as does the liquid in bulk, 
and with the least thickness of a layer of water that exhibits true viscosity 
and has a viscosity that is the same as that of the liquid in bulk, although 
it is not identical with either of these L J. Briggs ® studied the adsorbed 
layer of water on quartz when in equilibrium with atmospheres of vari- 
ous relative humidities at 30 °C He found that at 99 per cent humidity 
the amount of that adsorbed layer that could be removed by heating to 
1 10 ®C corresponded to a thickness of 0 027 /i. Similarly, I. R McHaffie 
and S. Lenher ® observed that the vapor-pressure of adsorbed water films 
varied with the thfckness unless that exceeded several hundreds of mole- 
cules if on glass, and several tens of molecules if on platinum (300 mole- 
cules =009 /», approximately). And S. H Bastow and F. P. Bowden 
have observed that even at 0 1 “C a film of water only 0.2 /t thick, flowing 


r ^ Pamck. w A .and Ebermann. N F . Idem. », 220-228 (1925) Cf Shereahrfaky, T L . 
/. Am Chem Soc , SO, 2966*2980, 2980-2985 (1928), Latham, G H., Idem, SO, 2987-2997 (1928) 
■Woodland, D J, and Mack, E. Jr, / Am Chem S’or, SS, 3149-3161 (1933) 

•Gudrla, N, and Kalikowa, L., Z Phynk, TS, 121-132 (3924) 

■v. NIceli, K W , SttM-ber Bayer Akad Wm Mnnchett, 1864,, 333-176 ( 358) (1866) 
•Brizfa, L. J , PhyPI Chem, 9, 617-640 (1903) 

■McHaffie, I H, and Lenher, S, / Chem Soe (London), 127, 1339-1372 (192 3) 
C/.’/^!'i34, 40^13*093®"'^' ® ^20-233 (1935)i 

“ Bowden, F P., and Baitow, S. H , Natnro. 13S, 828 (L) (1935). 
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Table 225. — Surface-tenrioa of Water 

(For thermal variations, see also Table 226.) 

All values at temperatures not exceeding 100 °C refer to an air-water 
surface at atmospheric pressure, the water being, presumably, saturated 
with air, and the air with water-vapor. Those above 100 °C refer to the 
surface separating pure water from its pure vapor For the effect of a 
change in the gas, see Table 229 

As primary standard for the ICT values, Young and Harkins accepted 
for the tension of a water-air surface at 20 °C the value 72.75 =*= 0 05 
dyne/cm, which they derived from the determinations of T W. Richards 
and I.. B. Coombs -* which were corrected by T W Richards and E K 
Carver to yiekl 72 72 ; of W. D Harkins and F E. Brown giving 
72.80 , of T. W Richards and E K Carver giving 72 73 ; and of T. F 
Young and P L K. Gross (unpublished) giving 72 80, all determined by 
the rise in capillary tubes ’® 

At the critical point the surface-tension does not become zero when the 
meniscus vanishes 

In contrast to the other values tabulated below, the TB ones show an 
anomaly near 13 °C. 

For sea- water containing s grams of salts per kg, y, = y„ -t- 0 0221t 
dyne/cm, where y, and yo arc the air-hquid surface-tensions of the sea- 
water and of pure water, respectively, both at the same temperature If 
j = 35, the average amount of salts, then y, — y„ = 0 77 dyne/cm 

y = surface-tension, a® = 2y/{p — tr)g, g = acceleration of gravity 
(here taken as 980 665 cm/sec®) , p = density of liquid, a = density of 
the adjacent gas (here taken, the gas being air, as 0001200(293 1)/ 
(273 1 + /) = 0 3517/(273 1 -t- 0 g/cm®, the temperature being t °C) , 
A s y — yr where y,. = 75 64 — 0 139l0f — 000030001® dyne/cm is an 
empirical formula which represents the ICT \alues fairly well, t is the 
tolerance assigned by Young and Harkins 

Ufitl of 7 , T, and A = 1 dyne/cm =» 1 sram sec* = 0 10197 mgVmm, of o® = 1 cm* = 100 tnm* 

Temp * f *0 


Rft* - 
t 

y 

T 

ICT 

a’ 


-8 

76 9. 

0 3 

0 1574 

76 73. 

-.S 

76 4. 

02 

0 1562 

76 32. 

0 

75 6. 

01 

0 1544, 

75 64. 

+ 5 

749. 

01 

0 1529, 

7493. 

10 

74 22 

0 05 

0151(ta 

74 21. 

11 

74 07 

0 05 

0 1.S13, 

7407. 

12 

73 93 

0 05 

0 1510, 

73 92, 

13 

73 78 

0 05 

01507, 

73 78, 

14 

73 64 

005 

01504, 

73 63. 

15 

73 49* 

005 

0 1501. 

73 48. 

16 

73 34 

005 

01499, 

73 33. 

17 

73 19 

0 05 

01496, 

7318, 

18 

73 05 

005 

0 1493- 

73 03. 

19 

7290 

005 

01490, 

72 88. 

20 

72 75 

005 

0.1488, 

7273, 


Mo^er 

Warren 

TB 

y 

100 A 

7 

lOOA 

lOOA 

75 62* 

-2 

75.94 

-1-30 

■f36 

7486 

-8 

75 19 

-1-25 

-44 

7412 

-10 

74 43 

-1-21 

-72 

73 96 

73 80 

73 65 

73 50 
73 35 

-11 

-13 

-13 

-13 

-14 

73 65 

-1-16 

-37 

73 20 
73 04 
7289 
7273 
7258 

-14 

-15 

-15 

-16 

-16 

72.86 

-1-12 

-1-13 
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Table 225. — (Continued) 


Ref 



ICT 


Mpser 

Wsmn 

TB 

( 

V 

r 

«• 

y* 

y 

lOOA 

y 

tOOA 

lOOA 

21 

72 59 

005 

01485, 

72 58, 

72 43 

-16 




22 

7244 

0 05 

01482, 

7243. 

7227 

-16 




23 

7228 

005 

01479, 

7228, 
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-18 




24 

7213 

005 

0 1476. 

7212, 

7196 

-17 




25 
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0.1473, 

7197. 

71 81 

-16 

7209 

+12 

-1-3 

26 
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0 1471, 
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7165 

-17 




27 

7166 
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01468, 
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7150 

-16 
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7150 
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OOS 
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7103 
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7133 
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+5 

35 

7038 

OOS 

01445. 

7040, 

7023 

-18 

70 54 

+ 13 

-4 

40 

69 56 

0 05 

0 1431, 

69 59. 

69 42 

-18 

69 73 

-( 13 

-10 

45 

6874 

OOS 

0 1417, 

6877, 

68 59 

- 18 

68 83 

+6 


50 

6791 
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0 1403, 

6793. 

6775 
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6802 

+9 


55 

6705 

OOS 
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66 84 

-24 

67 14 
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6619 
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66 21, 

66 04 
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70 
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01 
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64 28 

-IS 
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80 

62 6i 

01 

01315 
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62 so 

-9 

6269 

-flO 


90 
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01284 
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-1 

60 80 
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588. 

02 

01253 

58 73. 
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-i-7 




no 

56 8,' 
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56 70. 
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54 8,' 

02 
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52 8,' 
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Table 226.— Thennal Variation of the Surface-tension of Water 


For the value of the surface-tension at each of a selected number of 
temperatures, see Table 225. For the values of the molecular surface 
energy at various temperatures, see Table 227. 

In this table are given for the air-water surface the values of: I. The 
temperature derivative {dyt/dt) as defined by those empirical equations of 
the form y, = yo(l — at — bt^) = yo(l — S) that have been found to 
represent, respectively, the corresponding sets of data given in Table 225 
(the TB data are not here included, having appeared after the completion 
of this table) . II. The several values of 8( = (yo - y,) /yo) corresponding 
to the same three equations and to others of the same form that may be 
found in other compilations. III. The several values of 8 corresponding 
to certain other types of interpolation equations. 


Unit ot 7 “ 1 dyoe/tm. of dv/* = 1 dyne cm-> per 1 'C Temp = t ‘C 


I. Temperature derivative dy,/dt. y, = ^ 0(1 — at — bt^). Dr 
Domke concluded that the data available in 1902 indicated that at 20 °C 
dy/dt = - 0 151. 
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2 50 

0 

7«-* 

75 64 

75 62 

7591 





100« 


-10 

-S 

0 

+5 

10 

20 

25 

30 

40 

60 

80 

100 

120 


-1 80 

(-19,) 

(-19) 

(-19) 

-09. 

0 

(-09,) 

0 

(-10) 

0 

(-09) 

0 

+09. 

+09. 

+10 

+ 1 0 

18. 

1.9. 

19 

1 9 

38. 

40, 

40 

3,9 

4 8. 

50. 

50 

49 

5 8. 

61. 

60 

5.9 

8 0. 

8.2. 

82 

(80) 

124, 

126. 

127 

(123) 

1721. 

173. 

17.4 

(168) 

22 3. 
278. 

223, 

(272.) 

(224) 

(277) 

(215) 

(264) 


-20 

-10 

0 

+ 10 
+20 
41 
51 
61 
81 
122 
16 2 
203 
24J 


Wa 
191, 
3 33 
75 91 


0168 

0170 

0173 

0176 

0180 

0186 

0191 

0196 

( 0201 ) 

(0206) 


RSC 
2 08. 
3.29 
7589 


-21 

-10 

0 

+10 

21 

43 

54 

66 

89 

13.7 
188 
242 

29.8 
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Table 226. — (Continued) 

III. Richards, Speyer, and Carver" have proposed also the formula 
y« = lf(l — T/TtY, with a = 1.2; T and T, are, respectively, the abso- 
lute temperatures corresponding to y, ^d to the critical point of water, 
/k is a constant. That value of a is obviously incorrect (c/. columns 3 
and 4) ; if they recorded the cotangent instead of the tangent of the slope 
of the logarithmic graph, then a should be 1/1.2 = 0 83; that value leads 
to the values in column 5. They represent the RSC data fairly well. 
The ICT data cannot be satisfactorily represented by an equation of that 
form, the logarithmic graph being curved; they are, however, fairly well 
represented by the formula y, = .K’(l + ct + dl^)(l — r/r,)®“*. For 

convenience we may write (1 -I- cf + df*) s 1 + * = /(I). Then — — 

yo 

(s8) = 1 — /(t)(l — where f and to are the centigrade tem- 

peratures corresponding to T and T*, respectively; = 374.0 ®C; To = 
647.1 “K. 

Weinstein (We) has proposed the formula y, = 73.49(1 — 0.0014580/® 

dynes/cm; whence we find 8(=(yo — ya)/yo) = 1 — (1 — 0-0014S8tlp//)o. 

In the following tabulation, experimental data taken from the preceding 
section of this table are given in columns 2 and 3, and in the other columns 
are values computed by the formulas just given. It is obvious that only 
column 6 accords satisfactorily with 2 , the values in 4 and 8 are entirely 
unsatisfactoiy. 


1 

2 

3 

4 

5 

6 

7 

8 

ReC-» 

ICT 

R.SC 

KM 




We 

0-* 

* 



1.2 

1008 

0 83 

0 849 

IDOe* 

1006 

-10 

-180 

-21 

-32 

-22 

-17 

-0 55 

-07 

-s 

-0 91 

-10 

-16 

-1 1 

-09 

-0 27 

0 

0 

0 

0 

0 

0 

0 

0 

-^5 

-HO 93 

-t-io 

+ 16 

H-11 

•1-09 

-1-0.25 

-1-0.7 

10 

166 

21 

32 

22 

18 

048 

15 

20 

364 

43 

64 

45 

37 

0.88 

31 

25 

4 85 

5.4 

80 

56 

47 

104 

39 

30 

588 

66 

95 

67 

57 

1.20 

48 

40 

8.00 

89 

127 

90 

78 

144 

6.6 

60 

12.47 

13 7 

189 

136 

123 

170 

10.3 

80 

17.25 

18.8 

251 

182 

171 

164 

141 

100 

2236 

242 

31 1 

228 

222 

128 

181 

120 

2781 

298 

371 

276 

27.6 

060 

221 


* References : 

F Forcb, C , J4nn d Phynk (i), 17, 744-762 (1905) 

ICT See TaUe 225. 

M Moeer, H, An* d. Pkynh (4), S2, 993-1013 (1927) 

SSC Kichenb, T. W, Speyer, C L, and Carver. E. K“ 

S Sentia, H. Jour, it Pkyt. (i). «, 183-187 (1897), Ann Umv. Crtnoble. 27, S93- 
624 (1915). 

Wa Warren, E. L.. Phi Uag (T). 4 , 358-386 (1927). 

We WdaBtein, B» Metron, Biitr (Norm Aich Komm ), No 6 (1889). 

• From the formula y. = K(1 e) (1 - r/T.)*-"; < m O.OOOSlSl - 0 00000387./'. 
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between solid walls, has a true viscosity that is, within experimental error 
(say 10 per cent), the same as for water in bulk 

Furthermore, m the experiments of R Bulkley,^® on the viscous flow 
of liquids through very fine capillaries, the effect of the walls in modifying 
the pertinent properties of the liquid was inappreciable, although he could 
have detected it had it been equivalent to the production of a stationary 
film only 0.03 ju thick. 

All these indicate that the effect of the walls extends no farther than a 
very small fraction of a micron, and, consequently, will not affect the 
surface-tension at more distant points. 

See also p. S27. 

(4) In 1909, N Bohr concluded that the tension of a clean gas-liquid 
surface does not change after it is 0.06 sec old. More recently, R Hiss,*^ 
F. Schmidt and H. Steyer,’® and E. Kleinmann have investigated younger 
surfaces, seeking for evidence that the tension of a newly formed surface 
exceeds that of an equally clean surface of greater age All used the same 
general method, and found an apparent progressive decrease in the tension, 
equilibrium lieing reached after a few milliseconds Whether the effect 
observed was due to an actual decrease in the tension or was a secondary 
phenomenon due to an unsatisfactory technique is not entirely clear. T F 
Young and W D Harkins seem inclined to ascribe it to the latter 
P Lenard has given reasons for expecting the tension to decrease as the 
surface ages. 

More recently, the subject has lieen studied by E. O Seitz and by 
E Buchuald and H Konig The latter used a novel method Each 
found that the surface-tension decreased as the surface aged, the decrease 
being approximately exponential 

(5) A Grumbach and S Schlivitch-’ report that illuminating a 
vapor-water surface does not change its tension The tension of certain 
other liquid surfaces is clianged by illumination 

(6) . The few reported observations on the tension of electrified gas- 
water surfaces giA’e no indication of any effect of electrification, other than 
those resulting from electrostatic repulsion 

(7) . No one has succeeded in showing that a magnetic field has any 
effect upon the surface tension. II Auer *- has recently reported that the 
application of a horizontal magnetic field of 20.000 gauss to the air-water 
meniscus in a vertical capillary does not change the surface tension by as 

*> Harkins. W O, and Brown, F E. lirm, 41. 499 524 (19191 

Lcii'ird, P, V Da1lwitz-Wegeoer» R, and Zachmano, E, Ann d Phystk (4), 74a 381- 
404 (1924). 

•Winkler, C A . and Maaas, O , Can / Res, % 65-79 (1933) 

• KrOminel, O , **Handbuch der Ozceanc^raphte,*' Vol I, pp 280-261, 1907 
•Young, T F, «ind H.irkin^ W Int Crti Tobies, 4* 446-475 (447) (1938) 

•• Brunner, C, Ann d Physik (Poog)* 70, 481-529 C!M7) 

•Humphreys, W J, and Mohler, J K, Ph\s Rev 2, 387-391 (1895). 

•Morgan, J. R . and n*)\i«, C E, J Am Chem Soc , 38, 555-568 (1916) 

•Morgan, J L. R . and McAfee, A McD , Idem, 33, 1275-1290 (1911) 

•Ramtay, W, and Shields, T, J. Chem Soe (London), 63, 1089-1109 (1893) 

Richards, T W, Speyers, C L, and Carver, E. K , 7 Am Soe, 46, 1196-1207 (1924). 
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much as 10 parts in a million. He varied the temperature from 15 to 
92 ®C. See also, W. Johner,*® A. Piccard,®* O. Liebknecht and A. P. 
Wills,®* G. Quincke,®* and C. Brunner.®^ 

(8). It has been stated that prolonged contact of water with such 
catalysts as charcoal, thoria, and platinum so modifies it that its surface- 
tension is increased.®* 

Molecular Surface Energy. 

The molecular surface energy i& yu — yiM/p)-'^ by definition, y being 
the surface-tension of the liquid in contact with its own pure vapor, M the 
molecular weight of the vapor, and p the density of the liquid. It is the 
mechanical work required to increase the area of the surface by an amount 
equal to the area of one face of the cube of liquid of mass equal to one 
mole of the vapor, the temperature being maintained constant by a suitable 
addition of heat. 

The number of molecules contained in such a cube of liquid is the same 
for every liquid having the same fixed ratio between its molecular weight 
and the molecular weight of its vapor; and the number of molecules con- 
tained in the surface layer of area equal to the face of that cube and of 
thickness equal to a fixed multiple of the mean distance between adjacent 
molecules is likewise the same for every such liquid, provided the variation 
in the mean distance between adjacent molecules as the surface is 
approached is the same function of the distance from the surface, all dis- 
tances being expressed in terms of the mean distance between adjacent 
molecules in the body of the liquid , t.e , in terms of the length of an edge 
of the cube In particular, if the molecular weight of each liquid is the 
same as that of its vapor, and if the mean distance between adjacent mole- 
cules does not change as the surface is approached, then each such cube 
contains one mole of liquid, and each surface layer of area equal to one face 
of the cube and of thickness equal to a fixed multiple of the mean distance 
between adjacent molecules (» e , of thickness proportional to an edge of 
the cube) will contain the same number of molecules of the liquid , and 
enlarging the liquid surface by an area equal to the face of the cube will 
bring the same number of molecules from the interior of the liquid into 
the surface layer, whatever the liquid may be. 

It is for these reasons that M/p may be called the molecular volume, 
(M/p)^^ the molecular area, and the molecular distance Their 

molecular significance is independent of the nature of the substance For 
the same reasons it seemed probable that fundamental relations would be dis- 
covered more readily by studying yu rather than y 

"Sentis, H., Ann, Untv, Grenobtw, 27f 593-624 (1915). 

«Sugden. S, / Ckem Soc. (London), U9, 1483-1492 (1921); 121, 858-866 (1922). 

Vcdkmaniiy P, Ann d, Phystk (Wxci), S6| 457-491 (1895) 

^Schwenker, G, Ann d Phytxk (5), 11, 525-557 (1931). 

<«Boiid, W. N, Proc, Phyt. Soc, (London), 47, 549-558 (1935). 

" Oomke, Was Ahk. Norm -Atch Komm , ^ 1-99 (1902). 
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It will be noticed tliat, contrary to the implications of statements to be 
found in certain texts, neither the conception of molecular surface energy 
(yjf) nor the definition of (Af/p)*'® as the molecular area has anything 
directly to do with a sphere. 

In 1886, R, Eotvos propounded a number of relations based upon 
supposed analogies and the idea of corresponding states, culminating in the 
conclusion that dyuldt is a constant, independent of the nature of the sub- 
stance and of the temperature. This relation he tested by means of exist- 
ing data, and found it to be satisfied in many cases, the value of the deriva- 
tive being quite close to —2.12 ergs per gram-molecular area and per 1 °C. 
Whence the negative derivative has been called the Eotvos constant; and 
is often denoted by As ; sa — dyn/dt. He appears to have made no attempt 
to test the validity of the intermediate relations upon which this final one 
was based, and W. Ramsay and J. Shields^* showed that they did not 
accord with observations. 

Inspired 1^ the work of Eotvos, but starting from a different set of 
supposed analogies, Ramsay and Shields reached the conclusion that yu 
should be proportional to (fa — t) : that is, to the temperature measured 
downward from the critical temperature. But in order to secure agreement 
with experimental data, it was necessary to decrease tiiat temperature by 
an empirically determined amount (0), usually about 5 or 6 °C, and then, 
in order to make y* = 0 when t — t, thqr introduced an exponential term, 
giving finally the relation y* = A* [t, — < — tf(l — lO'^*'**'*)], Except 
for the exponential term, which is negligible unless (t« — t) <30 °C, this 
leads at once to the relation found by Eotvos ; it is merely a special case of 
the integral of his relation. 

They confirmed the conclusion of Eotvos, that kg has essentially the 
same constant value for each of many substances, the average being 2.12i. 
For such substances, they assumed that the molecular weight is the same 
in the liquid as in the vapor phase. 

But for water and certain other substances kg is much less tlian 2.12, 
and varies with the temperature, increasing as tlie temperature rises 
This th^ ascribed to an association of some of the molecules, causing the 
effective molecular weight of the liquid to be xM, where x, cdled by them 
the constant of association, is greater than unity. Then, for (to — t) > 
30 "C, their relation becomes x*'®yjf = A [to ~ — ®], where k = 2.12j. 

Whence, ^dyuldt + (2/3).iri'»yj, ~= — k. kg ( ^ — dyg/dt) = 

kx-^* + (2/Z)(yu/x)dx/dt, and x^/® = A -i- [A, - (2/3)(yM/x)dx/dt] 
As dx/dt is negative, the two terms in the right-hand member of the second 
expression conspire to make kg < A. The determination of x, dx/dt, and 
9 in terms of A, yg, and kg is, in general, difficult, if not impossible. But 

• EStrS*. R., Ann 4 Pkytii (Wied }. V, 448-459 (I8B6) 

*RunMr, W, ud Shidda. J, PM, Trms. (A), 184 , 647-674 (1893) 

■* Rubmv, W., and Shidda, J , J, Chtm. Soc. (Lnndon), 63, 1089-1109 (1893>. 
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Raiiisay observed tliat, at least in certain cases, yu can be expressed in 
the form yu ~ *'(#« — t — + /*(/o — Ol- If it is assumed that 

this 0 is the same as the 0 in the relation yjfjr®'* = 2.12 (/, — t — 9), then 
= 2.12 [1 + — t)'[/k'. This is Ramsay's procedure, and has been 

used in deriving the values of xb given in Table 227. For the ICT data 


Table 227. — Molecular Surface Energy of Water 

See text for references, discussion of the significance of the 
several quantities, etc. 

yu s y(M /p)*^ ; fta s — dyuldt , kst, = value of ks tabulated in ICT ; 
M = 18 0154, the formula-weight of HaO ; p = density of water as given in 
Tables 93 and 255 ; y = tension of the water -air, or of the water-vapor, sur- 
face, the latter for the Ramsay data and for the ICT data above 100 "C ; Aio a 
(ym)« - (yjf)t+io: (2.12i/A!a)i®; = (21.2i/Aio)* “ ; Xb = asso- 

ciation constant computed by Ramsay’s method (it is of little value, see 
text). In computing the ICT data, die values called yc in Table 225 have 
been used ; in computing the Ramsay data, his observed values of y were 
used (they are all much too small) ; ka has been computed from the 
values of y and p, and of their variations with t, by means of the relation 
given in the text. 


Unit of Vj, = 1 er* per g-molecular area, of t* = 1 erg per g-molecular nren, per 1 *C( of 
1 cm", X.. xtm, and *m are pure numbers Temp “t'C. 


t 


ho 

jr. 

- ICT — 
•yir 

Au 

Smm 

XM 

yn 

- Rumsay 
A,. 

Xtm 

XB 

lU/p)V 

0 


0980 

317 

S19 86 

9 72 

3 22 

146 

50316 

869 

38 

153 

6.8728 

10 


0968 

3 24 

S1014 

968 

3 25 

143 

494 47 

873 

38 

150 

6.8734 

20 


0972 

3 22 

50046 

9 77 

319 

140 

48574 

9.50 

33 

147 

6.8803 

25 

10. 

0977 

3 20 

495 58 








6.8856 

.SO 


0984 

3 IS 

49069 

9 93 

312 

137 

47624 

996 

3.1 

144 

6 8921 

40 


1004 

306 

48076 

1015 

303 

134 

46628 

921 

33 

141 

69079 

SO 


1 029 

296 

470 61 

10 42 

290 

131 

45707 

10.19 

29 

138 

6 9274 

60 


loss 

285 

46019 

10 72 

2 78 

128 

446 68 

1034 

29 

135 

69501 

70 

10, 

1.08S 

2 73 

44947 

1105 

266 

125 

436 34 

1019 

30 

132 

69758 

80 


1 12S 

2 59 

4.38 42 

1141 

2 53 

122 

426 15 

1161 

25 

129 

70044 

90 


1 160 

246 

42701 

11 80 

241 

1 19 

414.54 

1150 

25 

127 

70357 

100 

1 1. 

1 200 

2 35 

415 21 

12 36 

2 24 

1 16 

404 04 

11 56 

25 

124 

70698 

no 


1 248 

222 

402 85 

12 76 

214 

1 13 

39248 

1187 

24 

121 

71038 

120 

12, 

1297 

208 

390 09 

13 21 

203 

110 

380 61 

1125 

26 

1 18 

7.1409 

130 


1344 

198 

376 88 



109 

369 36 



1 15 

7.1805 


for water, fe' = 3 618 ergs per g-molecular area, per 1 ®C, 6 = 582 “C, and 
H = 0 00321 (‘’C)"^; for the Ramsay data for water, k' = 2.994 ergs per 
g-molecular area, per 1 °C, = 43 7 ®C, and y. = 0.00258 per 1 "C. In 

each case f* = 374 0 “C. The constants for the Ramsay data have been 
completely recalculated, as his calculation was based upon = 358.1 °C, 
and upon densities that differ slightly from those in Table 93 and those 
derivable from Table 255. 

n Ramsay, W., Pm Roy See. (London). Sf, 171-182 (1894) -Z. phynh Chtm , IS, 106- 
116 (1894) 
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It should, however, be realized that Ramsay’s procedure is very arbi- 
trary. There is no reason whatever for believing that the two ®’s must 
liave the same value. Rather the contrary , for the empirically determined 
value of the 0 in the expression for yn for water is about 10 times as great 
as the value found for substances for which kg = 2 \2. (Ramsay found a 
value only about 4 times as great, but that was because he used too low a 
value for the critical temperature.) Furthermore, the value (jt*) so found 
for the association constant of water is much less than 2, while we now 
have other reasons for believing that the association constant of water is at 
least as great as 2 Consequently, little, if any, weight should be attached 
to the actual, numerical values of xg. I doubt if they are, m general, worth 
the time required to compute them They seem to be of no more value 
than the much more readily computed quantities Xa^ (2.12i/feB)^® and 
Xam = {2.12iT/(yj/,t — ytn^t^r)) which may be called the coefficients 
(actual and mean, respectively) of apparent association. If the Eotvos- 
Ramsay relation applied and x were independent of t, then Xa — x; while 
if X varied with t, Xam would be the mean value of .*■ over the range t to 
/ -I- T Also at those high temperatures, if such exist, at which Xa and Xam 
are independent of i, Xa = Xam and each is actually tlie coefficient of asso- 
ciation as defined by the Eotvos-Ramsay relation The value of &* = 
— dyu/dt may be determined either directly from a formula expressing the 
variation of yu with t, or by means of the relation —dyn/dt = (M/p)*'* 
{(2/3)(y/p)(dp/dt) - dy/dt). 

A theoretical discussion of the surface energy of liquids has recently 
been published by H. Margenau.®* 


Angle of Contact. 

The angle of contact (the angle including the liquid) between an air- 
water, or a vapor -water, surface and a glass surface covered with a film 
of water is zero 

In general, the contact angle between a gas-liquid surface and any solid 
covered by a film of the liquid is zero When the solid is not covered by 
a film of the liquid, the angle of contact is, in general, variable, the line of 
contact exhibiting a reluctance to move over the solid. (For a suggested 
explanation, see MisccUatwa — ^p 526 ) In such cases, the characteristic 
angle of contact is commonly taken as the mean of the greatest and the 
least equilibria! angle that can lie obtained ; the former occurs when equi- 
librium has been attained at the end of an advance of the line of contact 
toward the uncovered (“dry”) portion of the solid, the latter, at the end 
of an advance in the opposite direction Angles computed from measure- 
ments made on stationary sessile drops are of little value unless they are 
the means of such greatest and least values 


■MtreeDau, H., Ph\s Rn- (2), 31, 365-371 (1931) 

* Young* T. F, and Harkins. W D* Ini Crtt Tobies, A, 434 (1928), on the strength of the 
observations of Anderson, A, and Bowen* J, E.* Phti Mag (6), 31» 143-148 (1916), Bosanquet, 
C H , and Hartley, H , Idem. ^ 456461 (1921); Richard, T W, and Carver. £. K., /. Am 
Chem Soc, 43 » 827*847 (1921), Sentis. H, Jour de Phys, (S), $, 183-187 (189^ 
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It seems that the contact angle is sensitive to changes in the structure 
of the solid, F. E Bartell, J. L Culbertson, and M A. Miller having 
found that it has a relatively large value (30 to 80°) for Pyrex and silica 
when there are great internal strains, but a zero value when the solids have 
been well annealed They found also that the value of the angle for brass, 
as well as for Pyrex, can be changed by compressing the solid. See also 
Bartell and Miller 

Table 228. — Contact Angle between Air-water Surfaces and Dry Solids 

B is the angle containing the limiting wedge of liquid 
If a solid IS wet, » e , is thoroughly covered with a layer of water, then 
6 = 0. 

Unit of S = 1“ of arc Temp ~ t “(' 

Solid t 0 Ref * 


Gold 


68=t4 

BM 

Platinum . . 


63 ±4 

BM 

Copper sulfide 


0° 

UW 

Azobenzene 

. 14 

77 

BH, ICT, M 

Apple wax 


74 

M 

Paraffin 

14 

1067 

BH, ICT 

Paraffin 


104 6 

A 

Paraffin 


105 

TL, KB 

Paraffin 


no ±6 

KB 

Talc 

25 

86 

BZ 

Glyptol resin (“Glyptol 1350”) 

25 

61 

BZ 

DeKhotinsky cement (hard) 

25 

106 

BZ 

Carnauba wax 

25 

107 

BZ 

Shellac . 

25 

107 

BZ 

“Opal wax 20" 

25 

119 

BZ 

“Night Blue” 36% of monolayer 

Plates coated with oleic acid, see 

Plates coated with various (65) substances, ste 
Carbon tetrachloride (liquid), see 


35° 

VV 

L. ICT 
N.ICT 

CA, ICT 


* References 

A AUett, A . PInl Mag (6), 4f, 244 2 V, (1921) 

BH Bosmqurt, C H , and Hartley, H, Jirm, 42 , 4S6-46] (1921) 

BM Bartell. F F, .and Miller, M A, / Phy,'t Chrm . 40, 889.894 (1916) 

BZ Bartell, E, and Zuidema, H H, / Am Chim Apr, 58 , 1449-1454 (193i ) 

CA CoRbill, W H, and Anderson, (' O , U i Pur Mines Tech Paper No 252, 1923 

DW DeWitt, C C, J Am Chem Sae . 51, 771-776 (I.) (1935) 

TCT Younit, T F, and Harkinit, W D, Int Crif 1 ables, 4 , 434 (1928) 

KB Kneen, E, and Benton, W W. / Phys’l Chem, 41, 1195-1203 (1937) 

L Langmuir, I, Trans Faraday Sae , IS, Pt 3, 62-74 (1920) 

M Mack. G L, / Phys't Chem. 40, 159-167 (1936) 

N Nietz, A H , Idem. 32, 255-269 (1928) 

TL Talmud, D, and Lubman, N M, Z Physik Chem (A), 148 , 227-232 (1930) 

VV Voet, A , and Van Elteren, J F, Ree 7 rav Chtm Pays-Bas, 56, 923-926 (1917) 

‘If copper sulfide is ground under water, 9 = 0, but if the same ground surface 
IS exposeil to air, 8 becomes finite 

*For a drop of water on a glass plate on which is an adsorbed layer of Night Blue 
(purest Nachtblau from Dr Gruebber, Leipzig), 8 = 35° if the adsorbed layer 5 
36 per cent of a monolayer. On decreasing the coverage below 36 per cent, 8 decreases 
sharply but continuously, becoming 0 (complete wetting of the plate) when the 
coverage is 32 per cent of a monolayer 


•< Bartell, F E, Culbertson, J L, and Miller, M A, / Phys'l Chem, 40, 881-888 (1936) 
BBartdl, F. E, and Miller, M A, / Phys’l Chem,, 40, 889-894, 895-904 (1936). 
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Effect of Orerlying Gas upon tlie Surface-tension. 

The conclusions of B. Tamamushi regarding the effect of the over- 
lying gas upon the tension of the gas-liquid surface appear to be in direct 
conflict with those of A. Ferguson,®’ but the conflict may be less serious 
than it appears. 

Ferguson used Jaeger’s method, based upon the pressure required to 
blow and detach a bubble, and compared the tension when the gas is air 
with that when it is CO 2 . In each case the pressure of the gas was very 
slightly greater than 1 atm. He “found that whether the liquids were gas- 
free or partially or completely saturated with either or both of the gases 
employed, the result was always the same, vts : the difference between the 
suif ace-tensions liquid-air and liquid-COo remained the same, but the 
absolute values of the surface tensions increased slightly as the liquid 
became more and more saturated, finally reaching a steady value.” ®’’ ** 

Tamamushi used the method based upon the rise of the liquid in capil- 
lary tubes, and studied the effects of several gases upon the surface-tension 
of each of several liquids His observations show that the tension of the 
surface separating a gas-saturated liquid from the gas itself, saturated with 
the vapor of the liquid, is in every case less than that of the surface sepa- 
rating the pure liquid from its pure vapor. Furthermore, he states that his 
data, all of which are for pressures not far from 1 atm, satisfy quite closely 
the empirical relation (y, — Yb)/?® = KC^''^ -i- b, where is the surface- 
tension of the pure liquid in contact with its pure vapor, is that of the 
gas-saturated liquid in contact with the moist gas, C is the mass of gas 
dissolved in 100 units (mass) of the liquid, and K and h are constants 
depending upon the liquid, but not upon either the nature or the density of 
the overlying gas His data indicate that for water K = 00175, b = — 
000052 Actually, the relation is not strictly linear, but the numerical 
values of K and b decrease as C becomes smaller. 

According to Tamamushi’s formula, y, decreases as C increases, 
whereas Ferguson states that it increases as the liquid becomes more nearly 
saturated with the gas. This discrepancy should be investigated with great 
care It seems possible that it arises in this manner: Tamamushi did not 
study the variation of y, with the pressure of the gas, which in each case 
for water lay between 0 73 and 1 0 atm Hence, his C’s are, to a first 
approximation, proportional to the solubilities of the several gases In 
fact, his data for water are more accurately represented by the relation 
(y» — y*)/yti = 1 545’'®, where 5 = mass of gas dissolved in 100 units 
(mass) of liquid when the pressure of the gas is 1 atm, than they are by 
the one he gives This relation does not conflict with Ferguson’s obser- 
vations. It states that, when the pressure does not vary greatly, the rela- 
tive depression of the tension is proportional to the cube root of the 
solubility of the gas Ferguson’s statement is to the effect that for a given 

•Tamamuilii, B, B»U CArm Soc Jafan, t, 173-177 (1926) 

« Ferguson, A , Pkit Mas (6), 21, 403-412 (1914) 
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gas and liquid the depression decreases slightly as the amount of gas dis- 
solved in the liquid increases. These two statements are not contradictory, 
but supplementary. 

J. L. R. Morgan and C. E. Davts,“ working exclusively with an air- 
water surface, found that saturating the water with air increased the ten- 
sion of the surface. This agrees with Ferguson’s observations. At 0 ®C, 
the increase in going from an unstated initial condition to saturation is 
given as 0.16 per cent.®®- **“• ® 

In the absence of numerical data for the variation of yg with the pres- 
sure of the gas, it is impossible to reduce the available data to the basis of a 
constant pressure. Both Ferguson’s and Richards and Carver’s data obvi- 
ously refer to a pressure that is very nearly 1 atm ; Stocker’s data seem to 
refer to a much lower pressure; the pressures given in Table 229 for 
Tamamushi’s data have been computed from the values he gives for C. 


Table 229. — Effect of Overlying Gas upon the Surface-tension of Water 

Adapted, with additions, from the compilation of T. F. Young 
and W. D. Harkins.*® 


Remarks in the text should be considered, y* = tension of the surface 
separating the pure liquid from its pure vapor ; y, = that of the surface 
separating the liquid saturated with the indicated gas from the gas satu- 
rated with the vapor of the liquid When the gas is air, yo is written for 
Yg. AvB (ye - y»)/ye, Aa = (ya — yi,)/yo;thatis,ye = ye(l - A„) - y« 
(1 — As), p = pressure of the moist gas 



Unit of A “ 

1 per cent; 

of 9 = 1 atm Temp 

“t'C 



P 

t 

A. 

A. 

Ref* 

Air 

1 

20 

022 


T 

Air 

1 

20 

0 027* 


RC 

CO, 

1 

15 


1 1 

F 

CO, 

08 

18 

083 

0 61* 

T 

CO, 

low 

20 


10 

S 


09 

25 2 

0 75* 


T 

H.S 

07 

152 

1 19* 


T 

H. 

low 

20 


00 

c 

Various 

organic gases 




k 


‘ References : 


K6rSn!**V , Rgc trav. ckm Pays-Bas, *4, 466-475 (19251 

RJchanb. T W., and Caryer. E K, / Am Chem Soc , 43, 827-847 (1921) 

Stacker. H, Z _Phynk. Ckm, 94, 149-180 (1920) 

Tamaniushf, B ** 


* This RC value of a. for air is based upon their reported values, 7 . = 72 75 and 
Y> = 72 73 ; and the values of A. for NaO and HtS are those reported by T for the 
respective concentrations of 0 145 and 0 334 g of gas per 100 g of water. From these 
concentrations and the solubilities of the gases (1 17 and 4 52 g per kg of water per 
atm) the accompanying values of p have been derived. From the same reports (RC 
and T), Young and Harkins** derived the following values of A. for P = 1 atm: 
RC, air 003., T, N.0 0.85; T, H.S 1 29. 

* Computed from A. = 022 for air, and 0.83 for COi. 


■* Morgan, J, L. K., and Davia, C. E., /. Am Ckm, Sec, 31^ S5S-S68 (1916). 
■Young, T. F, and Harkins, W. D. /■(. Cnt TAUt, 4, 474 (1928). 
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Miicellaaea. — For volume of the water meniscus, see Tables 286 and 287. 


Floating bubbles and drops . — Bubbles and drops of water are fre- 
quently observed floating upon an air-water surface. In the case of bubbles, 
the wall of the bubble must be of such a nature that its tension increases as 
its thickness decreases, which seems to demand that it be a compound film, 
that it is not pure water.®® In the case of drops, a blanket of the surround- 
ing medium (air in the case here considered), separating the drop from the 
surface on which it floats, seems necessary , see L. D Mahajan,*'^ J B Seth, 
C Anand, and L D. Mahajan,®* M Katalinic,®® W and A R Hughes,®* 
O. Reynolds,"*® T. H Hazlehurst and H A Neville ®® As is well known 
an object that is not wetted by water may float on its surface, although 
much denser than water The surface is depressed by it and the vertically 
upward component of the surface-tension supports it. Such seems to be 
the explanation of the floating of mercury droplets reported by N K. 
Adam.®® 

Depression under reduced pressure — Years ago, K. W. v. Nageli®^ 
observed tliat when there is placed under the receiver of an air-pump a 
vessel of water into which dips a vertical capillary tube, and the receiver 
IS exhausted, then, under suitable conditions, the meniscus in the capillary 
is depressed. He sliowed that this depression is in large part due to the 
exce.ss of the existing vapor pressure over the meniscus above that over 
the surface m the large vessel, this excess lieing due to the resistance 
encountered by the vapor m streaming through the tube In many cases, 
this seemed sufficient to account for the observations But under certain 
conditions, especially when the pump was worked rapidly, the depression 
quite significantly exceeded all that could be accounted for by such differ- 
ence in the vapor pressure He also observed that the meniscus in the 
capillary descended at the same rate as that in a second capillary of the 
same size, but closed below , and filled to the same distance from the top. 
'Ihis, in connection with the well-knowm tendency for a stationary meniscus 
to become stuck to the tulie, led him to suggest that as the boundaries of a 
liquid are approached the molecules assume an arrangement that is more 
orderly and less mobile than that in the interior The liquid is thus 
enclosed in a relatively immobile sheath many molecules thick The adher- 
ence of the sides of the sheath to the walls of the capillary anchors the cap 


«rf I.i)rd Rn>IffiRh'< remarks in the article. "Capillary Action.” in “Encyclopedia Bntanmca,” 
llthed, vol S, p 267, 1910 

■" Mahajaii, 1. D . ■? Phytik, N, 661-666 (1914) M, 676 (1933), 11, 605-610 (1933). 
79, 389-193 (1912). Xo// Z, M, 22 21 (1914) *9, 16-21 (1934), Nature 126, 761 (1930) 127. 
20 (erratum) (193t), PM Moo (7), 10, 383-386 (1930) ui. 

•Seth, J B, Anand, C., and Mahajan, L D, Phil Mag (T), 7, 247-253 (1929) 

•Katalinic. M Z Phtstk, 38 , 511-512 (1926). Nature, 127, 627-628 (1931) 

• Hushea, W and A R , Nature, 129. 59 (1932) 

ri ** on Mechanic.il and Physical Subjects." vol 1, 413-414. Cambridge 

Univ Pren, 1900«-Proc Manehetter Lit Pktl Sor , 21 , 1-2 (1882) 

•Hazlehurst, T H, and Neville, HA/ Pkyi'l Ckem , 41, 1205-1214 (1937) 

•Adam, N K, Nature, 123 , 413 (1929) 

® Uauehen, 1 * 661 , 353-376, 473-492, 597- 

vZ7 \loOv) 
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forming the meniscus, and as the outer molecules evaporate from the cap 
a corresponding number is added to its interior face, and thus the cap may 
be slowly depressed down the tube, perhaps to a point below any that can 
be accounted for by the vapor pressure alone The original articles should 
be studied, and the subject reinvestigated. 

Transition layers — D Harkins and H. M McLaughlin®* have 
published values for the thickness of the hypothetical film of pure water that 
forms the air-liquid surface of an aqueous solution of NaCl The values 
given vary from 40 to 2 3 A, depending upon the concentration flA = 
lO"® cm). But F. Lark-Horovitz and J E Ferguson®* have reported 
observations that indicate that the surface layer of such a solution is not 
pure water, but a solution much more dilute than the body of the liquid. 

From a study of the reflection of polarized light by a water surface, 
C V Raman and L. A Ramdas’® concluded that the transition layer 
between water in bulk and its overlying vapor is 5 3A. They quote the 
late Lord Rayleigh as having inferred from similar observations a thickness 
of 3 OA Similar observations by J TI Frazer on the reflection from a 
glass surface covered with various amounts of adsorbed water indicate that 
the transition from a glass surface to a water surface is complete when the 
thickness of the adsorbed water is 3A 

Surface films — Interesting summaries of the properties of foreign films 
upon the surface of water have been published by A Marcelin,^* and by 
H E Devaux.'^'* 

Certain data for films of water adsorbed on solids, and estimates of the 
thickness of the layer of water that may be modified by the action of an 
adjacent solid, have been considered already (p 513). For additional 
observations bearing on tlie subject, see B Derjagum,'^® T Ihmori,'^® 
J M Macaulay.'^® S Procopiu,” B H Wilsdon, D G. R Bonnell. and 
M E Nottage^* 

Relations between the surface-tension and other fropertics. — Among 
the various suggested relations between the surface-tension and other prop- 
erties of a liquid may be mentioned the empirical ones announced by 
P Walden.''" by R K .Sharma,*® and by D Silverman and W E Rose- 
veare.®' and the theoretical one by .S C Bradford 

“Harkins, W D , and Mcl.ati(fhlrn. H M. 7 Am Ckem W , 47, 2081-2089 fl925) 

“ I.ark-HoTovit*, F. and Ferguson, J E, Phvs Rev (?), 42, 907 (A) (1932) 

“Kaman, C V , and Ramdaa, L A, Phil Mai) (7), 3, 220-223 (1927) 


« Frazer, J H , Phvs Rev (2), 33, 97-104 (1929) 

•« Mareelin, A , “Solutions sunerficielles, fluides 4 deux dimensions, et stratifications mono- 
molecaires,” 163 pp . 86 Figa . bihliog of 90 entries Presses Univ de France, Pans, 1931. 
“Devaux, H E, Jour de Phys (7), 2, 237-272 (1931) BiMiog of 95 entries 
Perjaguin, B , Nature, 138 , 3,10-311 (I.) (1936) 

“Ihmorl, T, Ann d Phvsik (Wied ), 31, 1006 1014 (1887) 

Macaulay, J M , Nature, 138 , 587 (I ) (1936) 

Procoplu, S, Compt reud , 202, I37I-I171 (1936) 

■"Wilsdon B H. Bonnell, D G R , and Nottage M E, Trans Faraday Soc , 31 , 1104-1312 
(1935), 32 , 570 (1936), Nature, 135 , 186-187 (L) (1935) 

"Walden, P Z phvstk Chem . 65 , 129-225. 257-288 (1908), 66 , 385-444 (1909), Z Etektro- 
ehem, 14 , 713-724 (1908) 

•* Sharma, R K , Ckem Abs , 20, 2267 (1926) *- Quart Jour Indian Chem Soc , 2, 310- 
311 (1925) 
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The most important, however, is that which S. Sugden*® called the 
"parachor” and denoted by P. He defines it by means of the formula 
P S3 — d), where y = surface-tension of the liquid-vapor sur- 

face, M = molecular weight of the vapor, and D and d are the densities 
of the liquid and vapor, respectively. For many substances, P is almost 
independent of the temperature, and its value can be obtained by summing 
certain constants, each characteristic of a chemical element or of a t 3 q)e of 
structure that enters into the make-up of the molecule. Sugden has stated 
that within 3 per cent P = 0.78 Ve, where Vc is the critical volume of a 
gram-mole. See also, N K. Adam.®* 

Movements of hubbies — ^Although the phenomena accompanying the 
motion of bubbles in a liquid depend in part upon the surface tension of the 
liquid-gas boundary, their discussion is scarcely pertinent to the present 
compilation. Several papers treating of them have, however, happened to 
come to the compiler's attention.®® 

Voltaic ejects. — ^Voltaic effects suggesting that the capillary layer or, 
more exactly, the portion of the liquid that is elevated in a tube, as a result 
of capillary action, differs voltaically from the liquid in bulk have been 
reported by E. Torporescu ®® 

Stabdtty of doubly gas-faced liquid films — A clean, uncoated film of a 
pure liquid, each face in contact w'lth a gas, is incapable of static equi- 
librium. A dynamic equilibrium, resulting from localized evaporation and 
streaming, is however possible, and has been recently considered by H A 
Neville and T H. Hazlehurst, Jr.®'* 

85. Solubility of Selected Gases in Water 

Definitions and Symbols. 

1, By the solubility of substance A in substance B is meant the amount 
of A that must be added to a unit amount of B in order to produce a solu- 
tion that will be in equilibrium with an excess of A under the existing 
conditions. Such a solution is said to be saturated with A under those 
conditions. The definition of solubility is not concerned with the state 
of A after solution has occurred, although that will, in general, affect the 
magnitude of the solubility, and may perhaps give rise to special effects. 

Silvermon, D, and Rosrvrarf, W E. / Am Chrm Soe , 54, 4460 (1932) 

“Bradford. S C, PkO. Hag (6). 45, 936 947 (1924' 

“Sutden, S, J Cham Sac (London). 135, 1177-1189 (1934) 

“Adam, N K, “The Pbralea and CHiemutry of Surfacea," Oxford Univ Press, 1930 

“Bryn, T, Forsek Gtbttte Ingenitnrw, 4, 27-30 (1933), lloeter, K, Mttt ForicK-arb Ceb- 
iota ingtnxeurw . 138, 1-47 (1913), Hiyatri. O. Tech Hep Tdhokn Imp Vmv (Sendai). 5, 135- 
167 (1925). Schnever, W, and EVana. T F. Phyt Hev (Ih 4i 372 (A) (1933), Bosnjalco-'-' 
Teehn tteehan n Thermod , 1, 358-363 (1930), Meyer. J, Z F.leHrech . 11 249-252 
Hattorl. S , Acronoul Res Fnet . Tdkyd imp Univ. 9. No 115, 16i-193 (1935), Laby, 
and Hereus E O. Proc Phis Soe (tondon) 47, 1003-1008 1011 (1935), O’Brien, M 
(joellne, J. B., tnd. Bng Chem . 37, 1436-1440 (1935). 

^^^“Torjoreacu, E, Hall Math el I’hys . Bmcaresl. f, 40-41 (1936), CompI rend. 302, 1672- 

“Nevflle, B A. and Baatehnnit, T. B, Jr. / Pkys'l Chem. 41, 545-551 (1937) 

“ Imt. CrU. Tablet. 3, 254-255 (1928). 

• Loom)!, A. G., ini Celt TaUet. 3, 355-261 (1928). 
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2. By tlie coefficient oj absorption of a gas in a liquid is meant the 
rate at which the solubility of the gas in it increases with the partial pres- 
sure of the gas in the overlying gaseous phase, the temperature remaining 

Table 230. — Mean Coefficients of Absorption (0 to P) of 
Sdected Gases by Water 

With but few exceptions the values in this table have been derived from 
the mean molecular coefficients given in Table 232. The two are con- 
nected through the relations 

r = xMf/il - x)Mi and / = xM,/{Mi - (M, - Mg)x) 
where Mg and Afi are the formula-weights of the gas and of HjO, respec- 
tively, X = mole-fraction of the gas in the solution, r and / = mass of gas 
dissolved in unit mass of water, and in unit mass of the solution, respec- 
tively (see p. S3S + ) . The difference in the units of pressure used in the two 
tables must be considered. For all the gases in this table, excepting CO 2 
and NHs, x is negligibly small in comparison with unity, and consequently 
r = f. 

Unless otherwise indicated, the values here given apply when the par- 
tial pressure (P) of the gas is 1 atm; and, excepting NHg, it is probable 
that r/P and f/P are independent of P if that does not much exceed 1 atm 
But no data are available for the radioactive gases except at very low pres- 
sures. For variation of the coefficients with the pressure, see Tables 233 
and 234. 

Units Of r/P lf/P1 ** 1 of gas ptr kg of water Cof Bolutionl per atm, of k » I cm" of gas 
under existing conditions per cm* of solution Temperature t *C, Af»«18 0154 

I. Noble gases 

An Actinon (actinium emanation) At exceedingly low partial pressures \ = 2." 

Rn Radon (radium emanation) See end of Section II. 

Tn Thoron (thorium emanation) At exceedingly low partial pressures, \ = 1 " 
See also A Klaus** 


tfTa-» 

\fg^ 


Argon 

39 91 

r/P 

- f/l' 

Helium — 

4 00 


0 

941 

103 0 


(169) 

1 725 


s 


90 46 


1647 



10 

74 8 

80 60 


1 606 

1 768 


15 


7307 

661 

1571 


1 59 

20 

62 3 

6704 

599 

1 539 

1777 

1 57 

25 


6218 

560 

1 504 


1 55 

30 

53 5 

.5815 

53 3 

1 476 

1 791 

1 54 

35 


54 58 





40 

485 

51 57 



1836 


45 


4884 





50 


4635 



1932 


Refi* 

W97, \V06 

E 

1. 

CEB 

A* 

L 

Ref.* 

V27 

V27 


V27 

V27 


flo* 


-110 



-no 


rti' 


+ 1.38 



+ U8 




-97 



-10 5 



" MetacW, J , J. Pkyyi Chem , 21, 417-437 (1924). 

*1 Muehot, W , Z. tnorg ellgrm Chtm , 141, 3M ' (1924) 
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Table 230.— 

r— Neon ——V 

20 2 

WD — //D 

-(Continued) 

Xenon 
130 2 
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0 

370 0 

98 


1406 

5 




1186 

10 

2955 

108 


1005 

IS 



9.7 

862 

20 

2315 

261 

9.4 

741 

25 



91 


30 

1888 

491 

89 

570 

40 

1602 

95 2 


467 

4S45 




424 

SO 

1416* 

89 7 



Ref,* 

A 

A* 

L 

A 

Ref,* 

V27 

V2S, V27 


V27 

Oo* 

-108 

-no 


-103 

a,* 

+ 1.3S 

+ 1 38 


+ 1 30 

o,* 

-94 

-99 
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II. Simple gases 

(For noble gases, except radon, see Section 1 ) 


1 

G»,-* 

A/,-» 

t 

2 3 

11, Ilydrogtn 

2 0154 

4 

Argon-free N 
28 016 
t/F ”■ f'P 

5 

6 7 

*'Atnio*plienc’* 

28 016 








0 

1936 

1 931 * 

28 99 

28 90 

2950 

29 43 

1 

1919 

1 912 



2a81 

28 72 

2 

1902 

1 893 



2814 

28 03 

3 

1885 

1874 



2749 

2734 

4 

1870 

1856 



2689 

26 69 

5 

1 853 

1 839 

2585 

25 64 

26 29 

26 06 

6 

1 838 

1821 



25 73 

25 47 

7 

1823 

1.805 



2518 

24 87 

8 

1808 

1789 



24 65 

24.31 

9 

1793 

1773 



2416 

23 78 

10 

1 780 

1759 

23 29 

22 87 

23 70 

23 27 

11 

1 765 

1745 



2324 

22 80 

12 

1751 

1732 



22 82 

2224 

13 

1 737 

1718 



2241 

21 89 

14 

1725 

1706 



2203 

21 50 

IS 

1712 

1694* 

2130 

20 72 

21 66 

214)8 

16 

1701 

1682 



2130 

20 70 

17 

1688 

1672 



2096 

20 34 

18 

1676 

1663 



2062 

19 99 

19 

1665 

1649 



2032 

1966 

20 

1 654' 

1638' • 

1638' 

1901' 

2001 

19 35 

21 

1644 

1626 



1973 

19 05 

22 

1634 

1j616 



1945 

18 77 

23 

1624 

1604 



1919 

18 48 

24 

1614 

1592 



1893 

18 22 

25 

1605' 

1 582' • 

1 582' 

1768' 

1867 

17 98 

26 

1597 

1572 



1844 

17 72 

27 
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17 49 

28 


1552 
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29 


1543 



17 76 

1705 

30 


1535 

17.26 

16 53 
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35 


1508 
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2 3 4 5 6 7 
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< 

Ti 

1490 

1475 

1463 
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147 
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1479 
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14 68 
1402 
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4B 000 
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W92a 

. Rn Radon^ . 
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69 82 
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1373 

5049 
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6837 
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62 78 
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61 21 

6164 
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4080 
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3870 


56 88 
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SSS7 

5612 
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1075 

3339 
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4498 
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42 76 
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4345 
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4205 
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4124 

4142 

4202 
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40 53 
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39 87 
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39 20 
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1920. 

38 57 
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3947 
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3813 
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37 SO 
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30 20 


3037 

971' 

1180 

1200 

2826 



0 

1050. 

1030. 

26 77 




960 

920 

25 84 




880 

860. 

25 42 




840 

830 

25 31 




800 

820” 

W91b 

W89, W92b 

Fox 

Mt 

StM 

Sz 

W06 

W92a. W88 
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Table 230. — (Continued) 

III. Gaseous compounds 

In all cases the partial pressure (P) of the gas either was very nearly 
1 atm or lay in a region, including 1 atm, throughout which r/P and f/P 
are independent of P. Excepting NHs, {dr/dP)t and, consequently, 
{df/dP)t and (dx/dP)t, are constant from a very low pressure to a value 


of P that 

is well above 1 atm. 






1 

2 

3 

4 

5 

6 

7 

8 

Cm-> 

CO* 

CO.* 



CO,* 


NH.e 

Mf-* 

28 000 

44 000 



44 000 


17 031 

t 

tip 

r/P 



f/P 

10-V//’ 

10-Y/r 

0 

4419 

.5364 


3352 


0 895 

0 472 

1 

4.5 17 

3232 


3221 


0 872 

0 464 

2 

4217 

3109 


3100 


0 846 

0 457 

3 

41.19 

2998 


2989 


0820 

0 450 

4 

40.25 

2892. 


2884 


0 799 

0 443 

5 

3934 

2789 


2781 


0 778 

0438 

f, 

3845 

2696 


2689 


0 759 

0431 

7 

3760 

2605 


2599 


0 741 

0 425 

8 

36 76 

2518 


2511 


0 720 

0 419 

9 

35 97 

2431 


2425 


0 703 

0412 

10 

.15 19 

2346 


2342 


0 685 

0407 

11 

.54 46 

2267 


2262 


0 668 

0401 

13 

.53 76 

2198 


2192 


0 652 

0 394 

1.1 

35 07 

2127 


2123 


0 6.56 

0388 

14 

3242 

2060 


2056 


0 620 

0 383 

15 

3180 

1999 


1994 


0 604 

0376 

16 

3120 

1976 


1935 


0 587 

0 369 

17 

.50 62 

1880 


1877 


0 572 

0.564 

18 

3005 

1824 


1821 


0 560 

0359 

19 

29 56 

1770 


1768 


0 548 

0353 

20 

20 02' 

1722 

1648 

1718 

1645 

0 534 

0.548 

21 

28 55 

1672 


1669 


0 522 

0 342 

2> 

28 22 

1623 

1582 

1621 

1580 

0 510 

0337 

~2\ 

27355 

1579 


1576 


0 500 

03.53 

24 

27.24 

15.56 

1512 

1534 

1509 

0 488 

0328 

25 

26 84' 

1493 ' 


1492 


0 479 

0324 

36 

26 45 

1442 

1439 

1451 

1438 

0 465 

0.520 

27 

2608 

1419 


1417 


0 456 

0313 

28 

25 73 

1384 

1367 

1382 

1366 

0448 

0 309 

29 

25 40 

1346 


1345 




30 

25 08 

1317 

1294 

1312 

1293 



32 



1224 


1222 



34 



1151 


1151 



35 

23 59 

1170 


1168 




40 

2235 

1049 


1048 




45 

21.32 

951 


949 




SO 

20.42 

862 


862 




60 

1891 

717 


716 




70 

1840 







80 

1838 







90 

184 







100 

184 







Ref.* 

WOl 

Bohr 

Ku 

Bohr 

Ku 



Ref,* 

W92a 

Bu 

Bu 

Bu 

Bu 
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Table 230. — (Continued) 

'References; See <md of this Section. 

'The values in this column increase with t, sugrgesting an error in the obser- 
vations. 

'Coefficients in the formula M,"* logioX = (273ai - a,) /T + 2.3aiiogur -h oi^ where 
r *K is the absolute temperature." 

'For krypton at 60 °C, rtP = 1322 

* This is argon-free atmospheric nitrogen (see next note) . The values in columns 
4 and 5 have been respectively computed from those of columns 6 and 7." Apparently 
the only corresponding data available m 1927 for chemically pr^red nitrogen were 
those reported by Braun (1900), Just (1901), and Adeney and Becker (1919) ; see 
Coste, who seems to have overlooked Just's work. None since that date have come to 
the attention of the compiler Of these, Loomis included only Just’s, which are here 
given m footnote g Some of the values by the others arc here given, subscripts 
indicating the gas; they do not accord well with those given in the main table. 

Braun Adeney and Becker 

t 0 15 20 25 t 2 5 3 5 20 25 

(r/F)H 2130 1854 1.715 1 576 (r/P)o 63 29 .... 43.46 40 51 

(r/P)» 27 J2 22.41 2031 1794 (r/P)H ... 27 82 19 90 18 78 

'Atmospheric nitrogen is the residue of air from which 0>, COt, NHi, and HaO 
have been removed 

'Just’s data (J) yield the following values of r/P, all included in Loomis’s com- 
pilation (ICT). 'The nitrogen was prepared chemically, not from the atmosphere 
i H, N> CO CO, 

20 1 67. 19.90 30 18 

25 1 64, 1877 27.59 1488 

And Findlay et al. (F) give for CO. at 25 *C the value 1480 for the range 270 to 
1350 mm-Hg. 

* The data in column 2 were obtained by measuring the volume of 0. absorbed by 
a given volume of water; those in 3, t>y titrating the 0. contained in air-saturated 
water. 

* The data for oaone refer probably to a partial pressure of about 50 mm-Hg By 
an indirect computation, Rothmund (Ro) found 1057 at O'C 

' The data for radon refer to an exceedingly low partial pressure, of the order of 
001 M-Hg. R W Boyle" has shown that, for Rn dissolved in water, x/P is constant 
over the range 0 8 to 0 008 i*-Hg There seems to be no data for the solubility of Rn 
at higher pressures S Meyer (StM) stated that the values in his table are based 
on the observations of Boyle, H, Ko, Mache, Ra, and Tr The coefficients of Valen- 
tiner's formula (see note c) for Rn are a, = — 95, oi = 1 20, o. = — 825 

'This value for Oi is from (FT) 

•At 55 'C r/P = 560 for O. 

*" This value for Rn is for t = 97 °C 

" For CO, r/P = f/P, essentially 

* The values in columns 3 and 4, respectively, represent the same data as those 
in 5 and 6 

'The values in columns 7 and 8 represent the same data and apply solely to 
P = 1 atm The ICT formulas by means of which they were computed (logw/ir = 

0 05223/4/7 + B, A = - 937. and F =498, from 0 to 10 'C, and ,4 = - 1074, and 
/? = 5 23. from 14 to 28 °C) seem to have been derived from the observations of 
G Calingaert and F. E. Huggins, Jr ,“ E Klarmann," F M Raoult,™ and A. Smits 
and S Postma *“ 


"Findlay, A, and asBOCiate., 1 Chrm Soc (London), IT, 536*561 (1910); 101, 1459-1468 
(1912); 103, 636-645 (1913), 107, 282-284 (1915) 

»v. Heveay, G., Phynk Z. 12, 1214-1224 (1911)—/. PkyYI Chem , 16, 429-450 (1912). 

M Klaus, A., Phynk Z, 6, 820-825 (1905). 

"Valentmer, S, Z Phynk, 42, 2S3-264 (1927) 

"See Loomis, Int Cnt. Tablet. 3, 256 (1928) 

" Boyle, R W , Pkil Mag («), 22, 840-854 (1911) 

" Calintaett, G., and Huggins, F. E., Jr, / Am Chem Soc, 45, 915-920 (1923), 
"Klamann, E, Z anorg. allgim. Chem, 133, 288-300 (1924). 
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constant. This quantity does not appear in the tabulations except inci- 
dentally where it happens to coincide with the mean coefficient. That fre- 
quently occurs. 

3. By the mean coefficient of absorption of a gas in a liquid when the 
partial pressure of the gas is increased from Pi to p 2 is meant (52 — Si)/ 
(Ps — pi), where Si and S 2 are the solubilities at pi and pa, respectively, 
the temperature being the same in each case. The quantity commonly 
tabulated and called (unfortunately) the coefficient of absorption is the 

Table 231. — Solubility of Air in Water 

Adapted from the compilation by A G Loomis 

(See also, Table 232, part III For solubility of air in sea-water, see 
Table 235 ) 

By “air” is meant atmospheric air that has been freed from CO2 and 
NHs r = mass of gas that is contained m a unit mass of water when in 
equilibrium with air at a pressure of 1 atm and at the indicated temperature 
Vo = the volume under standard conditions (0 °C and 1 atm) of the 
gas that is contained in a unit volume of water when in equilibrium with 
air at a pressure of 1 atm and at the indicated temperature, Vu = rpi/po 
S =■ total volume of gas (0 °C and 1 atm) = sum of the corresponding 
values in the next two preceding columns 

The molecular weight of air has been taken as 28 96, the density of O 2 
under standard conditions, as 1 42904 g per liter, and that of “atmospheric” 
N 2 (including the inert gases), as 1 2568 g per liter 

Unit of f 1 mg gas per kg water, of To “ 1 ml tO *0, 760 mm-IIg) of gas per liter of water, 

pressure *= I atm Temp = f ’C 

Ref,-^ WOl , W04 , , W04 » 


Gas-* 

f 

Air» 

Air'’ 

O, N, 

1 . A. etc 

V 

O, Ns, 

A, etc 

' ( 

'lOon ) 

S /Vo 
3491 

0 

37 27 

37 95 

14 56 

23 87 

384.3 

10 19 

1899 

2918 

1 

36 .34 

36 99 

1416 

23 26 

37 42 

9 91 

18 51 

28 42 

34 87 

2 

35 40 

.36 02 

13 78 

2268 

36 46 

9 64 

1805 

27 69 

.34 82 

3 

34 53 

3514 

13 42 

2212 

35 54 

9.39 

1760 

2699 

34 78 

4 

33 71 

34 28 

13 06 

2159 

34 65 

914 

1718 

26 32 

34 74 

5 

.32 91 

33 44 

12 73 

2108 

33 81 

891 

16 77 

25 68 

.34 69 

6 

3212 

3268 

12 40 

2059 

3299 

8 68 

16 38 

25 06 

34 65 

7 

31 37 

3193 

1210 

2011 

3221 

8 47 

1600 

24 47 

3460 

8 

30 66 

31 22 

U80 

19 66 

.3146 

8 26 

1564 

23 90 

34 56 

9 

29 97 

30 53 

11 52 

19 23 

3075 

806 

15 30 

23 36 

34 52 

10 

29 32 

29 88 

1125 

1882 

3007 

7 87 

14 97 

2284 

34 47 

11 

28 71 

29 26 

1099 

18 42 

2941 

7 69 

14 65 

22 34 

3443 

12 

2811 

2866 

10 75 

1805 

2880 

7 52 

14 35 

2187 

34 38 

13 

2753 

2810 

1051 

1768 

2819 

735 

14 06 

21 41 

.34 34 

14 

27 00 

27 54 

1028 

1733 

2761 

7 19 

1.3 78 

2097 

34 30 

15 

26 49 

2703 

10 07 

17 00 

2707 

704 

13 51 

2055 

34 25 

16 

2599 

26 53 

986 

1667 

26 53 

6 89 

13 25 

2014 

34 21 

17 

25 51 

26 06 

9 66 

16.36 

26 02 

6 75 

13 00 

19 75 

3417 

18 

25 07 

25 59 

946 

1607 

25 53 

6 61 

1277 

1938 

3412 

19 

24 61 

2516 

9 28 

15 78 

2506 

648 

12 54 

19 02 

3408 

»»Raoalt, F 
Smits, A , 

M . Atm it chtm el phyt (5). 1, 262-274 (1874) 
and ‘Postma. S . Prac Almd Wn Amiieriam, IT, 

182-I9I 

(1914) 


’** Loomis, A 

G , Int Crii Tables, 2SS>261 

(2S7-25B) 

(1928). 
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Table 331. — (Continued) 


Ref 

WOl 

Aii> 

Air* 


W04 _ 

Ni, A, etc. 

25 

o. 

Ns, A, etc 

W04 

* < 

^IOOOi\ 

Z Iwa 

/ r" 









i * / * 

20 

24 22 

24 74 

9 11 

15 51 

2462 

6 36 

1232 

1868 

3403 

21 

23 81 

2444 

892 

1524 

2416 

6 23 

12.11 

1834 

33.99 

22 

23 42 

2395 

8 75 

1499 

23 74 

611 

1190 

1801 

33 95 

23 

23 06 

23 58 

8 59 

14 73 

2332 

600 

11.69 

1769 

33 90 

24 

2271 

23 20 

844 

1448 

22.92 

5 89 

11.49 

17.38 

33 86 

25 

2234 

2283 

8 28 

14 24 

2252 

5 78 

lUO 

1708 

33 82 

26 

2204 

22 51 

813 

1402 

2215 

5 67 

1112 

16 79 

33 77 

27 

2172 

2216 

798 

1380 

2178 

5 56 

1094 

1650 

33 73 

28 

2143 

2183 

7 83 

13 56 

21 39 

5 46 

1075 

16.21 

3368 

29 

21 13 

2150 

769 

13 32 

2102 

5 36 

1056 

1592 

3364 

30 

35 

40 

45 

50 

60 

70 

80 

90 

100 

20 86 
1955 
1848 
1766 
17.00 
1598 

15 31 
1496 

14 86 

14 97 

21 19 

7 55 

13 10 

2065 

526 

1038 

15 64 

3360 


•References See end of this Section 

* Calculated from data for 0« and Nj with correction for constant amount of 
argon ”* 

• Calculated from the Os-content of water saturated with air and of the air expelled 
from the saturated water by heating 


mean coefficient for the range 0 to /> , t e , it is 5'//> Throughout the range 
in which S/p \s independent of p, the mean coefficient coincides with the 
coefficient itself When 5" is expressed in terms of the mole-fraction (^x) 
of the gas in solution, we shall call S/p the mean molecular coefficient of 
absorption over the range 0 to p 

4. By the coefficient of solubility (A) of a gas in a liquid is meant the 
volume of the gas, as measured under tlie conditions existing in the gas 
phase, that is contained in unit volume of the saturated solution. This 
terminology essentially agrees with ordinary practice, but in International 
Crihcal Tables A is called the Ostwald absorption coefficient, and the defi- 
nition is so worded as to make it appear as a partition coefficient. 

The solubility of a gas may be expressed in several ways, to each of 
which corresponds a different set of values for the several coefficients. 
Thus a complex and somewhat confusing terminology has arisen ; this con- 
dition is aggravated by a lack of unamnuty regarding the actual significance 
of the terms and symbols commonly employed For this reason the defi- 
nitions just given will be adhered to, and in the presentation of the data but 
one (A) of the symbols commonly used for denoting the coefficients will be 
employed The symbols that will be used are as follows: 

«■ See Ini Cnt TMts, 3, 3 (1928). 

*®*See FoJc, C. J J , Trans Faraday Sac, 9 , 6S>87 (1909). 
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r Si ntp/mt = ratio of the mass of the dissolved gas to the mass of the 
pure liquid in which it is dissolved. 

/ S 3 + mg') = ratio of the mass of the dissolved gas to the total 

mass of the solution. 

jTs n,/(«j + Hg) = mole-fraction of the gas in the solution = ratio of 
the number of gfw of the gas in solution to the sum of that number and the 
number of gfw of the liquid in which the gas is dissolved. The formula 
of the gas is to be taken as that pertinent to its pure gaseous state. 

A = V g/V » = the volume, under the existing conditions of temperature 
and pressure, of the gas contained in unit volume of the solution. 

It will be noticed that r, /, x, and A are all measures of solubility. When 
the densities of the solution (p,), of the pure liquid (pt), and of the pure 
(#>«)i all under the existing conditions of temperature and pressure, arc 
known, then r, f, x, and A can be readily interconverted, the fonnula 
weights {,Mg, Mi) of the gas and the liquid being known. If r is negligible 
as compared with unity, then r = / = Mgx/Mi , r is so negligible in every 
case considered in this section, excepting only CO 2 and NHs. 

pg and pg mni-Hg, or Pg and atm, are the partial pressures, in the 
gas phase, of the gas and of the vapor of the liquid, respectively: Pg = 
7mPg, Pg = 760P«. 

Pt= Pg + Pg = total pressure. 

Vo = volume of the dissolved gas at 0 °C and 1 atm, Fopo = ntg, if the 
gas were ideal and the actual temperature of the system were t ®C, then 
Vg= Fo(2731 +/)/(2731)P„. 

Vi = volume of the pure liquid, at the existing temperature and pres- 
sure, contained in the solution, Fjpj = mi. 

po = density of the pure gas at 0 °C and one normal atm. 

The relations connecting the symbols used in the International Critical 

Table 232. — Mean Molecular Coefficient of Absorption (0 to p) 
of Selected Gases by Water 

Adapted from the compilation by A G. Loomis.^”® 

x/p is the reciprocal of the quantity designated by K in Loomis’s com- 
pilation , .*■ = »,/(«„ ■+■ «,). where «, and n, denote the number of formula- 
molecules of gas and of H 20 , respectively, contained in a given amount of 
the solution that is in equilibrium with the gas under the partial pressure p, 
the rest of the pressure arising from water-vapor with which the gas is 
saturated. In general, x/p varies with p ; but if p does not much exceed 
760 mm-Hg it is probable that x/p is independent of p for all the gases 
in this table except NH 3 . But no data are available for Rn except at very 
low pressures. 

^cept as indicated, the values given here apply when p = 760 mm-Hg 

I’nit of M/p 1 formula-molecide of gu per 10> fonaula-moleeulea of (gai + H,0) coaumed In 
the tolntioa per mm-Hg Temperature “ t *C. 

'» Loomie, A G , /nl Crit TMet, 3, 355-261 (1928). 
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Table 232. — (Continued) 

I. Noble gases. 


Rn, Radon (radium emanation) See end oE Section 11- 

—Simple gases. 

1 

2 

3 

4 5 6 

7 

8 

Ga8-> 

* 



Neon* 

Xenon 




a 






0 

55 9 

61 16 (10) 10 22 1058 

11.5 

256 

5 


53 73 

9 76 


216 

10 

44.4 

4787 

9 52 10 48 85 5 

13.0 

183 

15 


43 40 

9J1 


157 

20 

370 

3982 

912 10 53 662 

14 8 

135 

25 


36 93 

891 



30 

31.8 

34.54 

875 1065 540 

17 5 

1038 

35 


32 42 




40 

28 8 

3063 

10.88 45 8 

22 9 

850 

45 


29.01 



772* 

SO 


2753 

11 45 40 5 

34 0 


60 



378 



Reft* 

W97. 06 

E 

CEB A A 

A 

A 

Ref," 

V27 

V27 V27 

\'2.S, 27 

V27 

II. 

Simple gases. 




For noble gases, excepting radon, see section I. 



1 

2 

3 

4 5 

6 

7 

Ga,-* 

, H, Hydrogen > 

/— N# Argon-f rec^ — ^ 

>Ns Atmospheric* 

t 











0 

22 77 

2272 

24 S3 24 46 

24 96 

2490 

1 

22 57 

2249 


2437 

24.29 

2 

2237 

2227 


23 81 

23 70 

3 

2218 

2204 


2326 

23.13 

4 

2199 

2183 


2275 

22 58 

5 

2180 

2163 

21 87 21 70 

22.24 

2205 

6 

2162 

21.42 


2177 

2155 

7 

2144 

2123 


21.30 

2104 

8 

2126 

2104 


2086 

20 57 

9 

2109 

2085 


20 44 

2012 

10 

20 93 

2069 

1971 19 35 

20 05 

19.69 

11 

20 76 

20 53 


1967 

19 29 

12 

20 60 

2037 


1931 

18.90 

13 

20 44 

2021 


1896 

18 52 

14 

20 29 

20 07 


1864 

1819 

15 

2014 

1993 

1802 17 51 

1832 

17 84 

16 

20 01 

1979 


1802 

17 51 

17 

19 86 

1966 


17 74 

1721 

18 

19 72 

1956 


17.45 

1691 

19 

19 58 

1940 


1719 

16 63 

20 

19 46' 

19 26' 

1666' 16 08' 

16.93 

16.37 

21 

19 34 

19.13 


1669 

16.12 

22 

19 22 

1900 


1646 

1588 

23 

19 10 

1886 


16 23 

1564 

24 

1899 

1873 


1602 

1542 

25 

18 88' 

18.61' 

1554' 14 96' 

15 80 

1521 

26 

18 78 

18.49 


IS 52 

1499 

27 


18J7 


1540 

1480 

28 


1826 


1521 

14 61 

29 


18.15 


15.03 

14.42 

30 


1805 

1461 1399 

1486 

14.24 
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Table 332. — (Conltnued) 


1 

2 

3 

4 


5 

6 

7 


^ Hi 

Hsrdrogen^-^ 

, Ni Argon-1 

^ 

^-^Ni Atmotphcne«— ^ 

/ 




_ « /a 








- » /F 




35 


17 74 

1382 


13 13 

14.04 

1336 

40 


17 52 

1314 


1242 

1335 

12.62 

45 


17 35 

1252 


1187 

12 70 

1207 

50 


17 21 

1195 


1146 

1213 

1165 

60 


17.21 





1100 

70 


17 3 





1057 

80 


17 4 





1043 

90 


17 5 





10.4 

100 


17 7 





10 5 

Ref 1 * 

Ti 

W91a, W92b 




Fox 

W91b, W92b 

Ref^’ 


W92a 





W92a 

1 

2 

3 

4 


s 

6 

7 


' 




0« Oione* 

___ 

f 


\ V/Ajr HCil* 

N 

• 3r/b 1 







* *IV ' 




0 


51 72 

5207 


6780 

539.1 

548. 

1 


50 33 

50 64 




526. 

2 


48 99 

4930 




503. 

3 


47 72 

48 02 




484. 

4 


46 51 

46 81 




466. 

5 


45 34 

4566 


6024 

4357 

447. 

6 


44 21 

44 57 




429. 

7 


43 16 

43 52 




413. 

8 


4213 

42 52 




397. 

9 


41 16 

4157 




382. 

10 


4022 

40 65 


5308 

356 5 

368 

11 


39 34 

39 77 




354 

12 


38 49 

3893 




340. 

13 


37.66 

3813 




328 

14 


36 86 

3736 




316 

IS 


3615 

3662 


4564 


305 

16 


35 45 

3590 




294 

17 


34 77 

3522 




283 

18 


3410 

3457 


4808^ 


273 

19 


33 48 

3393 




264 

20 

3286 

32 88 

3332 


3501 

252 

254 

21 

3226 

32 31 

32 74 




246 

22 

3168 

31 75 

3218 




239 

23 

31 10 

3120 

3164 




231 

24 

30 55 

30 68 

31 12 




224 

25 

.30 03 

30 18 

3063 


2878 


218 

26 

29 53 

29 69 

3015 




211 

27 

29 04 

2920 

2968 




205. 

28 

28 57 

28 73 

2924 




200 

29 

2813 

2825 

2881 




195. 

30 

27 70 

27 78 

2839 


2199 

190 

190 

35 

25% 


26 52 


1608 


169 

40 

24 58 


24 94 


109 8 

151. 

152. 

45 

23 36 


2362 


4796‘ 

126. 

128 

SO 

2237 


22 50 


73 64 


139 

60 

2093 




0 

112. 

no. 

70 

19 83 





102. 

9a 

80 

1914 





94 

92. 

90 

18 83 





90. 

89. 

100 

18.75 





86 

88.' 

Refi* 

W91b 

W89.W92b 

Fox 


Mt 

StM 

Sz 

Ref 

W06 

WSTa 
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Table 332. — (ConHnued) 

III Air and gaseous compounds. 

In all cases here considered, the partial pressure either was very nearly 1 atm or 
lay in a region, including 1 atm, throughout which x/p remains essentially constant, 
excepting NHs, x/p is independent of p from very low pressures up to a value well 
above 1 atm 


1 

2 

3 

4 

5 

6 

7 

0&8^ 



CO 

r n 


NHii* 








0 

30 51 

3106 

3741 

1810 


640 

1 

2975 

30.28 

3655 

1739 


631 

2 

2898 

29 48 

35 70 

1673 


6 21 

3 

2828 

2876 

3487 

1613 


611 

4 

27 59 

2806 

3408 

1556 


602 

5 

26 94 

27.37 

33.31 

1501 


594 

6 

26 30 

26 75 

32 55 

1451 


5 86 

7 

2568 

2614 

3183 

1402 


5.78 

8 

25 09 

25 56 

31 12 

1355 


569 

9 

24 53 

24 99 

.30 45 

1308 


561 

10 

23 99 

24 46 

29 79 

1263 


5 53 

11 

23 49 

2395 

29.17 

1220 


545 

12 

23 00 

23 46 

2858 

1183 


5 37 

13 

2253 

23 00 

2800 

1145 


529 

14 

2210 

22 54 

2745 

1109 


5.21 

IS 

21 68 

2212 

2692 

1076 


513 

16 

2127 

2172 

2641 

1044 


504 

17 

2088 

2133 

2592 

1012 


496 

18 

20 52 

2095 

25 44 

982 


490 

19 

2014 

2059 

2502 

953 


4 83 

20 

19 82 

2025 

2457' 

927 

887 

475 

21 

19 49 

1992 

2417 

900 


468 

22 

1917 

19 60 

23 89 

874 

852 

4 61 

23 

18 88 

19.30 

23 41 

850 


4 55 

24 

18 59 

1899 

23 06 

827 

814 

448 

25 

1829 

18 69 

2272' 

804' 


4 42 

26 

1804 

1842 

22 39 

782 

775 

4 34 

27 

1778 

1814 

22 08 

764 


428 

28 

17 54 

17 87 

2178 

745 

736 

4 23 

29 

17.30 

17.60 

2150 

725 



30 

1707 

1735 

2123 

709 

697 


35 

16 00 


1997 

630 



40 

1513 


1892 

.565 



45 

14 46 


1805 

512 



50 

1391 


1729 

464 



60 

13 08 


1601 

.386 



70 

12 53 


15 58 




80 

12 24 


15 56 




90 

12 2 


156 




100 

12.2 


15.6 




Ref,' 

WOl 

WOl 

WOl 

Bohr 

Ku 


Ref,” 



W92a 





• In contrast with the others, the values in columns 5 and 7 increase with f, sug- 
gesting a serious error in A’s data 

* This xenon value refers to t = 45 45 "C 

'References: See end of this section 

' This is argon-free atmospheric nitrogen (see Table 230, notes e and /) Loomis 
states that the data for columns 4 and 5 have been respectively derived from those 
of 6 and 7 
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Table 232. — (Continued) 

* Atmospheric nitrogen is the residue of air from which 0«, COi, MH*, and H/D 
have been removed. 

'Just^ data (J) yield the following values of x/p, all included in Loomis’s com- 
pilation. The mtrogen was prepared diemicaly, not from the atmosphere. 

* Hj N, ro CO, 

20 19 7, 16 84 25 55 

25 193. 1588 2336 802 

And Findlay et al. (F) give for CO. at 25 °C the value 797, p ranging from 270 to 
1350 mm-Hg. 

' See Table 230, note k. 

* Probably for /> =■ SO mm-Hg. By an indirect computation, Rothmund (Ro) 
found for oeone x/p = 522 2 at 0 "C. 

‘The pressure for radon was at the order of 001 /*-Hg (see Table 230, note »). 

* This value for O. is from FT. 

‘ At SS "C, x/p = 26 67 for O, 

* This value for Rn is for 97 "C 

"* The values in column 2 have been computed from the coefficients of absorption 
of Os and of_ Nt with due attention to the argon content of the atmosphere (see 
Fox) ; those in column 3, from the O, content of water saturated with air, and from 
the O, content of the air expelled from the saturated water by boiling 

"These values have been computed by means of the formulas given by Loomis, 
and apply only to /> = 760 mm-Hg (see Table 230, note p). For solubility of NH, 
at very low pressure, see remarks under SdW and Wijs in Table 233, note k 


Table 233. — Effect of Pressure on the Solubility of Gases in Water 

Adapted, with additions, from the compilation by A G. Loomis 
( Sec also Table 234 ) 

A = V tIV , = the volume of gas contained in unit volunip of solution 
in equilibrium with the overlying gas, botli volumes being measured under 
the existing conditions of p and t. 

r = iiig/mi = ratio of the mass of the dissolved gas to the mass of the 
pure liquid in which it is dissolved. 

f = tng/(ing -h »«() = r/(l -f- r) = mass of gas per unit mass of 
solution 

]g = mass of the pure gas per unit mass of the gas phase 

m = p,A = = mass of gas per unit volume of solution 

-v = ng/{ng -h ni) = mole fraction of the gas in the solution 

8is(A' — A)/X, where A' = value of A that is computed from the 
corresponding value of r/P in Table 230, and both A and A' refer to P = 1 
atm and to the indicated temperature (f °C) 

P atm and p mm-Hg = partial pressure of the gas ; p = 760P. 

Pt — total pressure. 

The values of a given by Loomis have been reconverted to A’s by 
multiplication by (1 -1- //273 1 ) ; see text, p 530 

Unit of P and Pi = I atm , of /> = 1 mm-Hg, of r/P = 1 g of gas per atm per 
kg of water, of ///* = 1 g of gas per atra per g of solution, of ar= 1 formula-mole 
per cent; of X = 1 cm* of gas under existing conditions per liter of soluUon; of 
/>,X/P = 1 g of gas per atm per liter of solution ; of 8 1 per cent Temperature = 
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Gas-^ 

1-^ 

' 19 5 

IIj H 

21« 

P 

, X (ICT)" 

760 


(17 3.) 

900 

179, 


1000 

179. 

17.3. 

1500 

179. 

17 3. 

2000 

17.9. 

17 3. 

2500 

179. 

173. 

3000 

17 9. 

173. 

3500 

178. 

17 3, 

4000 

178. 

172, 

4500 

177. 

171. 

.5000 

17 5. 

170. 

5500 

17 4. 

16 9, 

6000 

17 2, 

16 8. 

6500 

171, 

16 6. 

7000 

169. 

16 5. 

7500 

16 7. 

16.3, 

8000 

16 4. 

16 1. 

Ref 

C 

C 


96 

118 



25 

P 

1000 rJP 

25 

157 

50 

1.56 

100 

155 

200 

152 

400 

148 

600 

143. 

800 

140. 

1000 

136. 


Formula ‘ 


Ref ‘ 


WGH. 


(j IS-* 

p 

760 

900 

1000 

1500 

2000 

2500 

3000 

3.500 

4000 

4500 

5000 

5500 

6000 

6500 

7000 

7500 

8000 

Ref' 

6i 

P 

760 

900 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 


19 4 

24 9 

X»(ICT)" , 

(16 2.) 

(149,) 

161, 

149. 

161. 

149. 

16 0. 

14 8, 

159, 

14 8. 

159. 

14 7. 

15 8. 

14 6, 

14 5. 

15 7. 

15 6, 

14 4. 

15 5, 

14 3. 

15 4. 

142, 

15 3, 

141, 

15 2, 

14 0. 

151, 

13 9. 

15 0. 

13 8. 

148. 

13 7, 

14 7. 

13 6. 

C 

C 

31 

42 


CO 

17 7 

19 0 

, X(ICT, O" . 

(27 8.) 

(27 1.) 

27 8, 

27 lu 

27 8. 

271, 

278. 

271. 

27 8, 

270. 

278. 

27 0. 

27 7, 

26 9, 

27 7. 

269. 

27 7. 

268. 

27.6. 

268. 


Nj NilroRcn^ 

t-» 25 

P , 

25 18 4» 

50 16 8» 

100 1581 

200 14 16 

300 1276 

500 11 10. 

800 9 58. 

1000 894 

0 

p , 

100 182 

125 17 6 

200 20 0 

300 150 

100 

p , 

100 11 9 

125 11 7 

200 14 0 

300 121 


25 1 29. 

30 122a, 

.35 1 13. 

40 1 08r 

45 1 05i 

SO 1 01. 

S3 100. 

55 

60 

65 



Oil Dxyiju 

23 0 



25 9 

P 

, X (ICT)4 

760 

(29 4.) 

(284.) 

900 

29.3, 

28 4. 

1000 

29 3, 

28 4. 

1500 

29 3, 

284. 

2000 

29 3. 

28 3, 

2500 

29 2, 

283. 

3000 

291. 

282. 

3500 

289. 

280. 

4000 

28 8, 

279. 

4500 

286. 

278, 

5000 

284. 

276, 

5500 

282. 

27 5, 

6000 

280. 

27 3. 

6500 

278. 

271, 

7000 

27 6. 

26 9, 

7500 

27.3. 

26 7. 

8000 

271. 

26 5, 

Ref* 

C 

C 

S, 

89 

81 

SO 

7’, 

iiio 

lOOOr/r (WGH,)"' ‘ — 

' 

13 6, 

\ 27 ^ 

133, 

13 3. 

12 3. 

129. 

1264 

1183 

12 33 

11 44 

1183 

1140 

10 56 

1006 

1061 

930. 

896. 

9 50. 

816, 

791, 

8 38. 

7 65, 

7 42. 

7 82, 


50 

80 

1000,/r (GK)" ' 


13 4 

12 5 

117 

14 4 

124 

11 5 

172 

156 

14 2 

20 0 

12 5 

11 9 

144 

169 




— lOOOr/i 

12 8 13.5 


13 0 

152 


16 8 

206 


14 4 

160 

C 0 ^ 


35 

35 

0 - \ .1 

60 


p,MP (ICT, Sa)" 


0 66. 

0 74, 

0 4, 

066. 

0 75, 

04. 

0 66. 

0.75. 

039. 

0 66. 

075, 

039i 

067. 

075, 

0 38. 

067. 

075, 

0.38. 
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P 

5000 

5500 

6000 

6500 

7000 

7500 

8000 

Si 


CO- 


11 1 19.0 

X (ICT. O* 


27 6i 
275. 
27 So 
274. 
273, 


26 7, 
26 7, 
26 6. 
265. 
264. 


272. 26 2. 

27 1. 26 1, 

-78 -72 


Table 233. — (Continued) 


Ga.-» 

t-* 

p 

70 

80 

90 

100 

no 


CO,» 

20 35 15 

, «x/p aCT, Sa)<. 

0 75. 


50 

038, 

039, 

040, 

041, 

042, 


Ga.-+ 

t-* 

p ^ 

60 

40 

04, 

45 

04, 

50 

0 41, 

55 

040, 

60 

040, 

65 

0 41, 

70 

040, 

80 

0 40, 

90 

0 41, 

100 

0 43, 

no 

0 44. 

120 

1.30 

140 

150 

160 



— CO, 

100 100 
P,\/P (ICT. Sa)* 


0 214 
0 208 

0 204 0 ISo 

0 199. 0 10, 

0 199, 0 17, 

0 199. 0 18. 

0 199, 0 18. 

0 199„ 0 19. 

0 199, 0 18, 

0 199i 0 18. 

0 199, 

0196. 


Gas-, 

t-* 

0 

P 

, — 

300 


500 


700 


900 

84. 

1000 

83, 

1100 

82. 

1200 

81. 

1300 

81. 

1400 

80, 

1500 

80. 

1600 

80. 

1700 

79. 

1800 

78. 

Ref 

(NP) 


TIH,» 


101 

20 > 

r/PaCT)* 


104, 

746, 

822 

626. 

714, 

551, 

644, 

499, 

601, 

462, 

571, 

433. 

550, 

412, 


(Foote) (Foote) 


Gaa-i 

#-» 

P 

.300 

500 

700 

800 

900 

1000 

1100 

1200 

1.300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 


20 

w 


-r/P (ICT)' 


5.37, 


468, 

540 

421 , 

517 


496 

.384, 

478 


462 

.358. 

448 


4.36 

337. 

424 


413 

319. 

403 


392 


.382 


375 


365 


356, 


347a. 


.339. 


330. 


326. 


320. 


314. 


309. 


304. 






40 

«-» 


800 

1000 

1200 

312 

1400 

1600 

293 

1800 

2000 

274, 

2200 

2400 

256, 

2600 

2800 

241. 

.3000 

3200 

229, 

3400 

Ref' 

219, 

/-► 

P 

211, 

.376 

65 

203. 

925 

945 

197. 

13 5 

1719 

191. 

237 

Ref' 


0 

20 

40 

. Den.ity, 

unit = 

1 g/litcr — 

839 

878 

899 

868 

890 

828 

858 

881 

817 

851 

874 

807 

845 

868 

798 

840 

864 


a36 

860 


831 

856 


828 

852 


824 

848 


25» 

r/P 

1051 

1017 

1018 
1007 
985 


822 

844 

819 

841 

816 

837 


833 

ICT (NP) _ 

■ 


25* 

P 

HP 

280 

972 

31 75 

987 

406 

968 

485 

937 

1201 

804 


985 173 9 

983 

Br, Hou Ref ' 


769 


Br, Hou 
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Table 233. — (Contmued) 


Gas-* 

r 






NHifc — 







f-* 


20 


30t 

40 









P 

f 


r 

/P(ICT)4 ^ 









3000 


300 

a 


185. 









3100 


295 

B 











3200 


292 

1 


180i 









3400 





175, 









3600 





170. 









Ref 

4 

NP 


Foote NP 










^ - 

2S-^ 

- 

•30^ 



45 

^ - 

55 — ^ 

t — " 

65-^ 


75-, 

X 

P 

f/P 

P 

f/P 

P f/P 

P 

f/P 

P 

f/P 

p 

f/P 

P 

f/P 

25 6 

31 

60 

23 

70 

165 113 

9 

21 







32 7 

61 5 

3 9 

45 

5 3 

31 5 7 6 

16 

15 

8 

30 

4 

60 



35 9 

79 5 

3 3i 

59 

45 

43 5 6 O5 

21 5 

12 2 

11 

24 





39 7 

no 

2 6r. 

83 

3 5, 

61 4 7, 

30 5 

9 6 

14 

21 

8 5 

14 



51 5 

271 5 

1 40 

207 

18, 

155 2 4, 

81 

4 5, 

42 

90 

19 5 

195 

13 

29 

54 7 

335 5 

1 21 

257 

1 58 

194 2 09 

106 

3 8, 

54 

7 5 

25 

16 

17 

24 

62 7 



199 

1 17 

305 5 1 52 

172 5 

2 7» 

92 

5 1 

45 5 

10 2 

31 

15 I 

66 3 

597 

0 81 

469 

1 05 

360 1 38 

205 

2 41 

no 

4 2 

55 

90 

38 

129 

69 5 

668 

0 78 

525 

0 98 

407 1 27 

231 

221 

127 

4 0, 

65 

7 9 

45 5 

11 4 

74 6 

774 

0 72 

610 

0 91 

472 1 18 

274 

2 04 

149 

1 7r. 

77 

7 3 

53 

10 5 

77 8 



650 

0 90 

SOS 1 16 

295 

1 98 

162 

1 62 

84 

70 

58 

10 I 

84 1 



736 

0 86 

573 I 11 

134 

1 90 

185 

1 42 

96 

6 6 

67 

9 5 

88 0 



774 

0 86 

602 1 10 

355 

’ 87 

196 

3 19 

102 

6 6 

72 

9 2 

100 0 





699 5 1 09 

409 S 

1 86 

226 

3 36 

117 5 

6 4, 

83 5 

9 2 


Ref * Smits and Postmi (1914), repubi by Postma (1920) 


I L Clifford and E Hunter (1933) The values for f/Pt have been derived from 
the immediately precedinff values of / and Ft to and tn® = temperatures at which 
100/ = 0 and 100, respectively. 


t-» 60 80 90 100 


lOOf 

0 

0197 

0 4(57 

0692 

1000 

s 

0 439 

090 

130 

182 

10 

0717 

148 

200 

275 

15 

1084 

219 

2 91 

3 88 

20 

ISS9 

3 05 

412 

531 

25 


4 14 

5 55 

718 

30 


5 55 

712 

9 48 


110 

p, 

120 

no 

140 

150 

1414 

1 96 

267 

3 57 

4 70 

241 

3 22 

427 

555 

714 

3 58 

4 70 

615 

783 

1002 

5 03 

6 55 

842 

10 70 

13 58 

6 91 

8 83 

1133 

14.17 

186 

920 

1198 

11 72 
15 46 

1504 

19 8 

1920 



t-» 

100/ r- 

60 

80 

90 

100 

5 

1140 

55 6 

38 5 

275 

10 

139 5 

67 6 

500 

36 4 

15 

1.18 5 

68 5 

516 

38 7 

20 

1284 

65 6 

48 5 

377 

25 


604 

450 

34 82 

30 


541 

421 

3164 

Pi-* 

002 

0.2 

0 S 

1 


t ^ 
170 


160 

150 

140 

130 

120 

no 

100 0 


90 



29 

80 


03 

61 

70 



100 

60 


62 

14 4 

SO 

27 


190 


110 

1000 f/Pt 
207 

120 

no 

140 

150 

15 53 

11 70 

901 

700 

279 

21.10 

16 26 

12 76 

9 98 

29 82 

22 90 

1781 

14 01 

1105 

2894 

2266 

1765 

13 91 

10 7S 

2717 

21 31 

1662 

13 02 


2504 

2 

1941 

4 

1515 

6 

8 

10 

lOOf- 









03 

34 




31 

66 



26 

64 

101 


10 

59 

102 

140 


42 

96 

141 

18 0 

015 

7.7 

1.15 

183 

22 0 

29 

115 

17 6 

224 

26 3 

62 

155 

22 0 

267 

30 8 

100 

198 

26 6 

314 

356 

140 

244 

314 

364 

406 

18 5 

292 

36 6 

419 

46.0 

234 

34 2 

41 9 

47 5 

52 0 

285 

397 

47 5 

541 

600 
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Table 233. — (Cont\mud) 


Gm-» 

Pt^ 

'b.oi 

02 

0 3 

1 

NH.* 

2 

iiwy 

4 

6 

8 

10 

40 


55 

150 

24.0 

337 

45 5 

540 

62.0 

70.2 

30 


10.0 


291 

393 

52 5 

620 

73 5 

87.0 

20 


15.0 

260 

34.6 

456 

602 

74.6 

94 6 


10 

1 7 

200 


40.6 

526 

71.5 




0 

SO 

2S3 

372 

47.3 

61.4 

94 7 




-10 

95 

318 

431 

55 3 

750 





-20 

ISO 


51.2 

65 4 






-30 

21 0 


600 

86.0 






-40 

27 S 


75.3 








-50 340 

-60 41 5 

~7Q 510 

-79 8 62 8 
-82 9 7S.S 


<0-* 

I-* 

iQQf ^ 

177 

60 

60.4 

-610 

so 

817 

-463 

90 

100 

-33.2 

100 

1206 
-18 5 

no 

— 1000 f§ — 

1441 

-15 

120 

159 3 
+9 7 

130 

171 

18 5 

140 

180 5 
25.3 

ISO 

5 

564 

478 

485 

456 

418 

393 

377 

347 

313 

10 

758 

699 

675 

645 

615 

600 

582 

538 

315- 

IS 

841 

812 

771 

753 

737 

727 

696 

672 

664 

20 

913 

870 

845 

828 

814 

792 

768 

757 

755 

2S 


908 

m 

879 

862 

832 

820 



30 


933 

924 

913 

890 






1*^ 

100/ /— 

60 

80 

90 

IOC 

lOO 

no 

lO /g/Pi 

120 

130 

140 

ISO 

5 

1285 

531 

373 

2505 

173 5 

122 0 

883 

626 

43 8 ' 

10 

1057 

472 

338 

234 5 

1718 

1276 

946 

687 

314" 

IS 

776 

371 

265 

194 0 

146 5 

1110 

826 

628 

489 

20 

586 

285 

205 

156 0 

117 8 

897 

67.6 

52 7 

406 

25 


219 

160 5 

122 5 

93 7 

71 0 

54 5 



30 


168 

129 8 

963 

743 





Pi-* 

0 2 

0 5 

1 

2 

4 


6 

s 

10 

t r- 




Ji 

(fOO ft 





170 








23 

205 

160 








207 

363 

150 







195 

389 

515 

140 





98 


400 

555 

648 

130 





330 


571 

680 

742 

120 




15 

522 


699 

773 

811 

110 




290 

663 


784 

840 

870 

100 




506 

760 


848 

895 

917 

90 



318 

675 

836 


900 

933 

951 

80 


45 

526 

803 

900 


942 

962 

974 

70 



700 

892 

948 


970 

982 

988 

60 


636 

825 

948 

973 





SO 

380 


902 

975 






40 

655 

875 

945 

984 






30 

800 


970 







20 

90S 

975 

985 







10 

955 


992 







0 

980 









- 10 

990 









tt-» 

604 

817 

100 

120 6 

1441 

159.3 

171 

180 5 

fim-* 

-61 0 

-463 

-33.2 

-ia5 

-15 

+9 7 

18.5 

25J 
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S4S 


*See also Table ^4. 

*F. N Speller (Sp) tes given certain graphical representations of data obtained 
by others for the solubility of O, in water (ICT). Ad^tional data have been 
recently reported by FTHP, dubiety = =*> S per cent. 

•Drucker and Moles (DM) found X = 1§.6, cm'/l for H, at 25 "C and total pres- 
IHIStt? j 730 mg-Hg (ICT) Additional data have been recently reported by 
dufeety — ^5 per cent, and by V. V Ipatieff, S I. Droujina-Artemovitsch, 
and V F. Fikomiroff for the ranges 20 to 140 atm and OS to 45 *C 

section Sets of ^ta taken from Loomis’s compila- 
tion (ICT) are each accompanied by an additional reference to its original source 

* W GHi state that between SO and 1000 atm their data for Hi may be represented 
within their estimated error by the formula r/pt = 24 4 + 17 2P - 0 00196P* g of Hi 
per kg of water, fh being the density of H, at 0 “C and 1 atm; but that at lower pres- 
sures, the formula requires impossibly high values of r/p, 

' See also Table 234 and Coste’s discussion of available data DM found for Ni 
at 25 C X = lS.6i cra’/I over the range 270 to 830 mm-Hg (ICT) Additional data 
have been recently reported by FTHP, dubiety = ± 5 per cent 

' Nitrogen prepared chemically ; not derived from air. 

‘Purified commercial nitrogen ; 99 9 per cent Ni, the rest being argon with traces 
of COi When P is constant, r has a minimum near 70 “C 

* Commercial nitrogen purified by passage over Cu at 450 *C and over soda-lime 

' Additional data have been recently reported by FTHP, dubiety = 5 per cent 

* Scheffer and de Wijs (SdW) have stated that p = 07S8W (1 + 0.00270m) mm-Hg 
if t = 2S °C and 27 g of NHa per liter of solution , m = p,X This formula 
demands that rfP shall increase to a finite limit (1003) as p is indefinitely decreased 
That limit is 5 per cent lower than the sialue found by Br for ^ = 3 76 mm-Hg (.see 
elsewhere in this section of the table). The ICT gives Wijs as the source of the 
information here credited to SdW, the compiler has not seen Wijs's dissertation 
For suggested explanations of the variation of rjP and of fJP with P, see G Calin- 
gaert and F E Huggins, Jr and E Klarmann’" 

'Numbers in this column are values of r/Pi not of rfP 

“This should probably be 515, agreeing with the corresponding value under 
Pi = 10 in the last portion of this table 

" This should probably be 51 4 , see note m regarding the value from which this 
was derived 


Tables with those just defined are as follows, the names used in those 
Tables to designate each being given after its equation. 

« = Vn/ViPg = (pi/po)(r/Pg), Bunsen absorption coefficient, 
ff = aPg/Pt=(p,/p„)(r/Pt), 
y = a/p2 = r/poPg, Kuenen absorption coefficient, 

8 = lOOapo = lOOrpj/P,, Raoult absorption coefficient, 

\ = A = Vg/V, = rp,fpg(l -i- r), Ostwald absorption coefficient, 

K — pg/x = pg -b {Mg/ Ml) {pi/ pot) — Pg{l + Mg/Mir), Henry’s law 
constant The unit of pressure is 1 atm for o, p, y, 8, and 1 mm-Hg for K 

Miscellanea. 

Attention must be called to a very common, but fundamentally errone- 
ous, interpretation of the coefficients of absorption. T^et pg = p mm-Hg. 
It is very frequently stated that a — 760Fn/Vip is the volume, under 

Ipiticff, V V, ^rouJlna-ATtcmovlt^ch, S J. ttid Fikomirnff, V F, Jour de Pkys (7), 3| 
S12D (A) (1932)^/ cht0t, gtn, JPwjjir (Ruesrm), 1, 594-597 (2931) 

lOT Califigaert. G, and HueginSp F B, Jr* / Am Chem Soe, 45» 915-920 (1923) 

Klarmann, B, Z anorg atigem chem, 132| 289-300 <1924) 
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Table 234^ 


-Effect of Pressure on the Solubility of A, Ha, He, 
and Na in Water 

Additional data for Ha and Ng are in Table 233. 

r = m^/mi = ratio of the mass of the dissolved gas to the mass of pure 
water in which it is dissolved. ^ 

P — partial pressure of the gas ; P, = total pressure. 

Unit of P 

I Argon* 

02 
t/P 

918 


t-* 

P 


1 

25 

SO 

75 

100 

125 


P-* 

t 

0 

10 

20 

30 

40 

SO 

60 

70 

80 

90 

100 

P-* 
t . 
0 
10 
20 
30 
40 

SO 

60 

70 

80 

90 

100 


920 
899 
83 3 
776 
72 2* 


650 
800 
1250 
1800 
2100 
240 0 


100 

T/P, 

1227 
12 22 
14 98 
20 56 
22 72 
25 35 


21 


SO 


75 


1928 
1 751 
1 617 
1 533 
1486 

1 462 
1 457 
1 472 
1 511 
1576 
1659 

400 


1920 
1 742 
1 608 
1 524 
1477 

1 4.54 
1 455 
1 469 
1 507 
1 568 
1 639 


gM per k(f of water 

Temp « i 

•c 

Pi-* 

200 

pi-» 

300 

t 

r/Pt 

t 

TiPl 

50 

1129 

SO 

1072 

80 

10 93 

70 

1011 

100 

1141 

105 

1083 

150 

13 58 

135 

1304 

200 

20 55 

165 

16 

240 

■ 

2738 

230 

2527 

100 

D 

ISO 

200 

300 ' 


500 


1919 
1 741 
1 607 
1 523 
1 476 

1452 

1451 

1467 

1503 

15.56 

1624 

fiOO 


1 800 
1640 
1520 
1445 

1403 

1386 

1387 

1404 
1 436 
1483 
1537 


1 768 
I 614 
1 497 
1 424 
1 .385 

1 368 
1371 
1 387 
1417 
1461 
1 515 


1 742 
1 589 
1 476 
1 407 
1 368 

1 351 
1 .351 
1 368 
1 397 
1 448 
1 497 


1914 
1736 
1604 
1 518 
1472 

1 449 
1447 
1463 
1498 
1552 
1622 

700 

■r/P 

1717 
1 568 
1 459 
1 389 

1351 

1334 

1336 

1352 
1 381 
1424 
1478 


1 898 
1 721 
1 587 
1 503 
1457 

14.35 
1435 
1451 
1489 
1 544 
1 606 

800 


1882 
1706 
1 572 
1 488 
1 443 

1422 
1424 
1 442 
1477 
1 529 
1 593 

900 


1 687 
1 544 
1 439 
1373 
1336 

1318 
1320 
1 336 
1 367 
1411 
1458 


1653 
1520 
1420 
1356 
1 321 

1305 
1307 
1 322 
1352 
1393 
1437 


1 839 
1672 
1545 
1467 
1422 

1407 
1406 
1422 
1458 
1 511 
1 564 

1000 


1618 
1 494 
1401 
1 342 
1 310 

1295 
1 295 
1 308 
1336 
1375 
1418 


t ^ 

25 

SO 

75 

Helium* 

150 

200 

300 

0 

25 

SO 

75 

P-* 
t _ 

1650 

1539 

1589 

1744 

400 

1 669 

1 547 

1 587 
1746 

500 

1660 

1 526 

1 582 
1739 

600 

1649 

U16 

1576 

1731 

700 

VP 

1631 

1 511 

1 548 
1717 

800 

1612 

1506 

1548 

1 702 

900 

1573 " 
1.475 
1518 
1669 

1000 

0 

25 

50 

75 

1 533 
1446 
1498 
1636 

1498 

1419 

1469 

1603 

1462 

1393 

1441 

1570 

1426 

1367 

1.418 

1540 

1390 

1 342 
1394 

1 514 

1356 

1318 

1370 

1491 

1325 ' 
1.296 
1345 
1473 
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Table 234 — (Contmued) 

Hydrogen and nitrogen ,* mixture at 0 'C and 1 atm contains 76 42 vol % of Ht. 
They conclude that within a few per cent each gas is dissolved as thougli the other 
were absent Wo cm = volume (0 C and 1 atm) of the mixed gases that is dissolved 
per gram of water at 25 °C ; P atm = partial pressure of the hydrogen and nitrogen 
mixture m the gas phase , A = probable error of va 


p 

SO 

100 

200 

400 

600 

» 800 

1000 

Vo 

08349 

1643 

3 209 

6 068 

8809 

11.327 

13 724 

Ao 

OOOOS 

0 001 

0 003 

0002 

0 004 

0006 

0.014 

1000 Vo/P 

1670 

1643 

16 04 

1517 

14 68 

14 16 

13 72 


* References 

Argon B Sisskind and I Kasartiowsky2“ 

Hydrogen R Wiebe and V L Gaddy"*, tbe effect of the H« upon the vapor 
pressure of the water was considered and allowed for by the observers 

Nitrogen A W. Saddington and N W Krase*" They believe the numerical 
values reported by J Basset and M Dode"'' to be unreliable on account of 
an oiling of the surface, they have not been included in this compilation 

Helium R Wiebe and V L Gaddy”** 

Hydrogen and nitrogen mixture R Wiebe and V 1. Gaddy ”* 

* For this value, i = 3 °C. 


Standard conditions, of the -gas that “is dissolved in one volume of the 
solvent when the partial pressure of the gas is 760 mm,” and similarly for 
the other coefficients That statement is fundamentally erroneous The 
observations tell us only what happens when py =■ p mm-Hg. Multiplying 
by 760 does not increase our information, but merely changes the unit in 
terms of which the data are expressed Before multiplication by 760, a is 
the mean coefficient per mm-Hg over the range 0 to p mm-Hg, after the 
multiplication it is the mean coefficient per atmosphere over the range 0 to 
p mm-Hg, and nothing more To infer from the observations that the 
latter value of * is the volume actually dissolved when pg = 760 mm-Hg 
involves an assumption — either that pg itself is 760 nvn-Hg, or that a is 
independent of p throughout the range from p mm-Hg to 760 mm-Hg. 
Although in many cases the latter is undoubtedly true within the limits of 
experimental error, it is not always true, and the tacit incorporation of i uch 
assumptions into the definitions, either of the coefficients or of the symbols, 
is most undesirable It introduces such confusion as may be found in 
International Critical Tables, vol 3, p 256, top of column 2, where the 
definition of a (p 254) requires one to infer that at a fixed temperature 
the amount of hydrogen dissolved when its partial pressure is 760 mm-Hg 
varies all the way from 160 to 14 7, depending upon the conditions of 
observation Of course what the data actually signify is that the mean 
coefficient per atmosphere is 160 over the range 0 to 1100 mm-Hg, and 
147 over the range 0 to 8200 In this case it is obvious that the tacit 


^ StMkindp B| and Kasarnowskyp It ^ ttfiorg ullfftfn ChefHi 200p 279''286 (1931). 
Wiebe, R. and Gaddy. V L.. / Am^ Chem Soe g 76-79 (1934) 

Saddington, A W , and Krase, N W , Idem, 56, 353*361 (1934). 

Basset, J , and Dodd, M , Compt tend , 203, 775-777 (1936) 

Wiebe, R, and Gaddy, V V, 7 Am Chem Soe , S7, 847-851 (1935) 
lu Wiebe, R, and Gaddy, V L, Idem, 87, 1487-1488 (1935). 
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Table 235. — Solubility of Atmospheric Gases in Sea-water 

In the first three sections of this table are given the amounts of the 
indicated gases contained in a unit volume of sea-water at the indicated 
temperature and salinity when it is in equilibrium w'lth air at the partial 
(dry) pressure of 1 atm and composed, by volume, of 79 09 per cent atmos- 
pheric nitrogen, S0.90 per cent Oa, and 0.01 per cent COa, the atmospheric 
nitrogen containing 1 185 per cent by volume of argon. They are numeri- 
cally equal to the solubilities per atmosphere of partial air pressure. 

In the last sections are given data for computing the "combined” COa 
contained in sea-water in equihbrium with the air just specified That 
depends upon the alkalinity (y) of the water as well as upon the partial 
pressure of COa m the air, but is independent of the salinity. Throughout 
the range found m sea-water, the amount of the combined COa is directly 
proportional to y, the factor of proportionality (&) varying with the tem- 
perature and with the amount of COa contain^ in the air. 

The values in this table have been taken directly from J J. C. Fox.^“ 
They agree with the tables, of different form, given by O. Krummel 
and based on Fox’s work. Krummel states that Na is essentially in equi- 
librium throughout the depth of the sea, but Oa is m excess near the sur- 
face, and in defect m the depths. 

Fox gives the following equations, included m the compilation by D. F 
Smith : For Na, = 18.639 - 0.4304< + 0 007453/-* - 0.0000549/* - 
Cl(0 2172 - 0.00718/ + 0 0000952/*) cm* per liter , for Oa," vo = 10 291 - 
0 2809/ -f 0 006009/* - 0.0000632/* - Cl (01161 - 0 003922/ + 
0.0000631/*) cm" per liter. In each case the air is assumed to have the 
composition already stated, and a partial pressure = 1 atm 

J. H. Coste has discussed the solution of atmospheric nitrogen in 
sea-water. 

Vo = (z>tp/760) (273 1 /T), where = volume, at 7' °K and p mm-Hg, 
of the gas that is contained in unit volume of sea-water when in equilibrium 
with air m w'hich the partial pressure of the gas is p mm-Hg It is the 
volume that Vt would occupy at 0 °C and 1 atm if the gas were ideal 

Cl = number of grams of Cl per kg of sea-w ater ; the amount of total 
salts (_S) per kg of sea-water is S' = 1 812 Cl. 

Xo = volume at 0 ®C and 760 mm-Hg of the total amount of COj con- 
tained in unit volume of sea-water ; Xo = Xf + Xg where Xf is the corre- 
sponding volume of “free” COa, and Xc is that of “combined” COa ; Xf = 
pvo w'here p atm is the partial pressure of the COa in the air, and the 
appropriate value of Vo is obtained from the third section of this table, 

•The sign of the 1* term is incorrectly printed as + both in Fox’s paper and in 
Smith’s compilation Fox’s formula for b, not given here, also contains some typo- 
graphical error 

Fox J J C Trans Faraday Sac, 5, 68-l»7 il909) *- Consetl perm mt pour Faxplor de 
la mat. Publ. de areona Na 41. 1907, Na 44, 1909 

Krfimnid, O, “Haadbuch der Ozeuas." Vd I, J Engdhoni, Stuttgart, 1907. 

«• Smith, D F , /■* Cnt Tables, 3. 271-283 (272) (1928) 

Coat*. J H , / Phys'l Chem , 31, 81-87 (1927) 
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Table 235. — (Continued) 

Xe = by, y being the alkalinity, and the values of b being given in the last 
sections of this table. 

y = alkalinity = number of mg OH ions per liter of sea-water com- 
pletely deprived of COa. 


Unit of n, • 1 cm* (0 "C, 1 atm) per liter of lea-irater, of O » 1 e Cl per ite of aea-water 


Cl ^ 

0 

4 

g 

Nitrogen 

12 

16 

20 

24 

28 





Vo 





0 

1864 

1702 

1563 

1445 

1.3 45 

12 59 

1186 

1125 

4 

17 77 

16 27 

14 98 

13 88 

12 94 

1215 

1146 

1089 

8 

1690 

15 51 

1432 

13 30 

1244 

1170 

1107 

1052 

12 

16 03 

14 75 

13 66 

12 72 

1193 

1125 

1067 

1016 

16 

15 16 

14 00 

13 00 

1215 

11 43 

1081 

10 27 

981 

20 

14 31 

13 24 

1234 

1157 

10 92 

10 36 

987 

944 





Oxygen 





t-» 

0 

4 

8 

12 

16 

20 

34 

28 

Cl 









0 

10 29 

926 

840 

768 ” 

7 08 

6 57 

614 

5 75 

4 

983 

8 85 

804 

7.36 

6 80 

6 33 

591 

5 53 

8 

936 

8 45 

769 

704 

6 52 

6 07 

567 

5 31 

12 

890 

804 

733 

6 74 

6 24 

582 

544 

508 

16 

8 43 

764 

6 97 

6 43 

596 

5.56 

5 20 

4 86 

20 

797 

723 

6 62 

611 

5.69 

531 

495 

462 



"Free” 

COj, per 

00001 atm partial 

pressure 



<-» 

0 

4 

8 

12 

16 

20 

24 

28 

Cl ^ 


















0 

01713 

0 1473 

01283 

0ill7 

00987 

0 0877 

00780 

00700 

2 

01690 

S3 

63 

03 

7.3 

67 

73 

0 0690 

4 

01667 

23 

43 

0.1089 

.59 

57 

66 

80 

6 

01644 

03 

23 

75 

45 

47 

.59 

70 

8 

01621 

0 1383 

0.3 

61 

31 

.37 

.52 

60 

10 

01598 

63 

01183 

47 

17 

27 

45 

SO 

12 

0 1,575 

43 

63 

3.3 

03 

17 

38 

40 

14 

01552 

23 

43 

19 

00889 

07 

.31 

.30 

16 

01529 

03 

23 

05 

75 

0 079” 

24 

20 

18 

0 1506 

01283 

03 

0 0991 

61 

87 

17 

10 

20 

01483 

01263 

01083 

0 0977 

0 0847 

0 0/77 

0 0710 

0 0600 


“Oimbined” CO, 

For combined CO,, x, = hv cm" (0 °C, 760 mm-Hg) per liter of sea-water, the umt 
of y being that stated at head of table, p is partial pressure of CO» m the overlying 
air, unit = 0 0001 atm 


1, 

0 

2 

4 

6 

f. 

H 

10 

12 

14 

p f — 

1 5 

1 1673 

1 1562 

1 1451 

1 1340 

I 1229 

1 1118 

1 1007 

10896 

20 

2021 

920 

818 

717 

615 

513 

412 

1 1310 

22 

2140 

12042 

1 1943 

845 

746 

647 

549 

450 

24 

2249 

153 

1 2051 

11961 

865 

769 

673 

577 

26 

348 

259 

160 

12066 

1 1973 

879 

785 

691 

28 

437 

346 

254 

162 

12070 

11978 

887 

795 

30 

518 

428 

338 

248 

158 

12068 

1 1978 

888 

32 

592 

504 

415 

.327 

2.38 

1.50 

1 2062 

1 1973 

3 4 

6.58 

571 

484 

,397 

310 

223 

1.36 

1 2049 

3 6 

718 

633 

547 

461 

.376 

290 

205 

119 

38 

773 

689 

603 

519 

434 

350 

265 

ISO 

40 

822 

739 

655 

572 

488 

405 

322 

238 
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Table 235. — (Continued) 
“Combined” CO. 


»-» 

A _ 

0 

2 

4 

6 

k 

8 

10 

12 

14 

45 

12928 

848 

767 

687 

606 

525 

445 

364' 

50 

1.3019 

1.2942 

864 

787 

709 

632 

555 

477 

5.5 

105 

13032 

12958 

885 

812 

739 

666 

592 

60 

197 

130 

13062 

12995 

12928 

12861 

794 

726 

65 

1J306 

13246 

13187 

1J127 

13067 

1 3008 

12948 

12889 

*-* 

16 

18 

20 

22 

24 

26 

28 


F 

IS 

1.0785 

10674 

10563 

10452 

10341 

10230 

1.0119 


20 

1.1209 

1 1107 

1 1005 

10904 

802 

701 

599 


22 

352 

253 

154 

11056 

10957 

1 0859 

760 


24 

481 

385 

289 

193 

1 1097 

1 1001 

10905 


26 

597 

504 

410 

316 

222 

128 

1 1035 


28 

703 

611 

519 

428 

336 

244 

152 


3.0 

798 

708 

618 

528 

438 

348 

258 


3.2 

885 

796 

708 

620 

531 

443 

354 


34 

1 1962 

875 

788 

701 

614 

527 

440 


36 

1.2033 

1 1948 

862 

777 

691 

605 

520 


38 

096 

12011 

927 

842 

757 

673 

588 


40 

155 

071 

1 1988 

11905 

821 

738 

654 


45 

284 

203 

1 2122 

12042 

1 1961 

1 1881 

800 


SO 

400 

322 

245 

168 

12090 

12013 

11935 


55 

519 

446 

373 

300 

226 

153 

12080 


60 

659 

592 

525 

458 

390 

323 

256 


65 

12829 

12769 

12710 

12650 

1 2591 

1 2531 

1.2471 



assumptions written into the defimtion do not apply to the case in hand 
Such confusion is not peculiar to the International Critical Tables, but is 
to be found throughout the literature treating of the absorption of gases, 
and in most compilations of such data. 

From the relations connecting a and A. with r it is obvious that a = 
(piPp/p»Po){(1 +r)X./Pg} If the amount of gas dissolved is small, then 
the density (p.) of the solution is essentially the same as that (pj) of the 
pure liquid, and (1 + r) is essentially unity Under such conditions 
« = PgK/poPg, essentially. Furthermore, if the gas were ideal, then pg/poPg 
would equal 273.1/(273.1 + t) and we could write a = (273.1)A/ 
(273.1 + t), which is the relation used by A. G. Loomis in reducing to a 
the data which were initially expressed in terms of A Actually the gases 
are not ideal, and in certain cases their departure from that condition must 
be considered. 

For that reason, data so converted by him have, for this compilation, 
been reconverted to A by multiplication by (1 + #/273.1), his interpolations 
being accepted without question. The ^ta have been extrapolated, when 
necessary, to F, = 1 atm, so as to obtain comparisons with the correspond- 
ing values computed from those of r/Pg obtained by others. In some cases 
marked differences exist. 

The supersaturation of liquids with gases has been studied by 
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W89 

W91a 

W91b 

W92a 

W92b 

W97 

WOl 

W04 


W06 

WGHi 

WGHa 


Wtja 


Winkler. L. W., Idim, 22, 1764-1774 (1889). 

Winider, U W , Idem. 24, 89-101 (1891). 

Winkler, L. W . Idem. 24. 3602-3610 (1891). 

Winkler, L W , Z. tkyeik. Ckem.. 9 , 171-175 (1892) 

WinUer, L W , Math. Naiatm. Bee. smj Ungam. 9, 19S-21S (1892). 

Winkler, L. W , KuirleH Chemta, 1, 854 (1897). 

Winkler, L. W , Ber. denie. ehem. Get. 34, 1408-1422 (1901). 

Winkler, L W., G. Lunge'i “Chem -Teehn Unterauchungamethoden,” 5 ed , Tol. 
1, pp. 768-836 (822), 1904 Also, Vel. 1, p 573, 1921^ 

Winkler, L W., Z. phynk. Ckem. 55, 344-354 (1906) 

Wiebe, k, Gaddy, V.L.aaA Heine, C., Jr, Ind. Eng. Ckem.. 24. 823-825 (1932) 
Wicbe, R., Gaddy, V. L, and Heint, C., Jr., J. Am Ckem. See,. 55, 947-953 
(1933), ^tending and tuperaeding Ind. Bng. Ckem. 24, 927 (1932). 

Wga, H. J., TheZ. Delft, 1923. 


86. Rate of Solution of Gases in Water 

When a quiescent column of water, whether fresh or salt, is exposed 
to a gas, there is, in general, a vertical streaming which mixes the upper 
layers with the lower ones. This occurs even when the gas is initially 
saturated with water-vapor and the entire system is maintained at a uni- 
form and contant temperature, and is much more pronounced when there 
IS evaporation, with its attendant cooling and enhanced concentration of 
the surface layer. See W. E. Adeney and H. G. Becker W. E. Adeney, 
A. G. G. Leonard, and A. Richardson,^“ H. G. Becker and E. F. Pear- 
son,^*® and W. E. Adeney.'®^ 

The streaming is more uniform and rapid in a salt solution than in 
pure water, is more rapid above 10 ®C than below, and varies with the con- 
centration of the salt. For solutions of NaCl the streaming is most rapid 
when the concentration is about 1 per cent. It extends to a depth of at 
least 10 feet.^“ 

Data on the progressive aeration of quiescent and imtially air-free water 
are given in Table 236. 

When a liquid is kept thoroughly mixed while gas is entering it through 
a fixed surface, the net rate at which the gas enters the liquid is dm/dr = 
(*P — pc)A, where dm is the amount entering through an area A in the 
time dr, P = partial pressure of the gas, c is the concentration of the gas 
in the liquid, and a and are two coefficients ; a may be called the entrance, 
and the exit, coefficient. If the volume of the hquid is F and the total 
amount of gas in it is m, then c = mJV, and the equation may be written 
either dm/dr = (aP — pm/V)A or dc/dr = («P — fic){A/V). If the 
subscripts 0 fmd oo indicate that the values correspond to r — 0 and to 
T = 00 , respectively, i.e., the imtial and the saturation values, then c — Cg = 
(c« — Co) (1 — ; calling c — cg^^c, this becomes Ac/c, = 

[(c«, — co)/c«](l — The equation still holds good if all ffie c’s 

are replaced by m’s. Also, the initial rate of solution when Co = 0 is 
(dc/dT)o = aPA/V, {dm/dr^g — aPA ; at saturation,( dc/dr) = 0, c = c«. 


^Adeney, W E, and Becker, H G , Sei. Free Roy. DabUm Soe. (N S.). 16, 143-152 (1920) 
Pka. Mag. (6). 42, 87-96 (1921). 

Adeney, W. ^ Leonard, A. G G., and Richardion, A., Set, Free, Roy. Dublin Soc (N. S.). 
17, 19-28 (1922) - FM. Mag. (6). 45, 835-845 (1923). 

Becker, H. G , and Pearaon, E. F., Seb Prac. Roy. Dublin Soe. (N. S.). 17, 197-200 (1923). 
Adeney, W. B., Idem. 18, 211-217 (1926) -FM. Mag. (T). 2, 1140-1148 (1926). 
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Table 236.— Aeration of Quiescent Water 

The water was quiescent and initially air-free. Vo = volume (at 0 °C 
and 760 mm-Hg) of air per liter of water at a point 12 cm below the free 
surface , v, = value of Vo at saturation, when t = oo ; t = duration of the 
exposure , temperature = 13.5 ®C. 

The formula (v, — v)/v, = will not fit the observations unless k is 
a function of t, decreasing at an ever decreasing rate as t increases. 

With reference to the solution by water of CO 2 from the atmosphere, 
J. Johnston has stated tliat “even m an unstirred liquid contained in an 
open beaker the process is substantially complete in about ten minutes” 


Unit of T “ 1 hr; of v® » 1 ali/liter, of Vn/vr ^ 1% 


T 

Vo 

Vfl/t/i 

X 

■Oo 

Vo/Vm 

J 

t>u 

Vo/fft 

2 

so 

21.4 

20 

116 

496 

70 

160 

684 

4 

63 

269 

25 

124 

53 0 

80 

164 

701 

6 

75 

320 

30 

132 

564 

90 

169 

72.2 

8 

82 

35.0 

40 

139 

59 4 

100 

174 

74 3 

10 

89 

380 

SO 

147 

62 8 

00 

23.4 

1000 

15 

103 

440 

60 

154 

65 8 





Table 237. — Entrance Coefficient of Gases into Water 

The entrance coefficient is the a occurring in the expression dmjdr = 
(«P — ; whence a = ^mn/PV ; %n^lPV is a mean coefficient of 

absorption between 0 and P, write s = m„/PV. The following values of 
/3s have been computed from the values of in Table 238 and those of s 
( = pif/P) in Tables 230 and 231, pi being the density of the solution ; for 
our present purposes, pi may be taken as 1 g/cm“, and }/P as r/P. It will 
be noticed that a and fis are nearly independent of the temperature 


Unit of a and fit -= 10~*fng/min cm® atm Temp = > *0 


Gas^ 

O, 

N, 

co,» 

At 

Air 

Gas-r 

, t 

Br 

256 

tOs« 

a 

0 

24 3 

99 

256 

12 5 

01 

245 

5 

23 7 

10.1 

266 

127 

99 

266 

249 

10 

24 2 

103 

268 

128 

22 

259 

33 

20 

24 6 

108 

262 

129 

34 6 

245 

217 

30 

246 

112 

253 

132 

431 

234 

219 

40 

246 

117 

242 

13 6 





“From C Bohr™ excepting at 22 'C 

* From H. G Becker who gives, among others, the following approximate values 
for the initial rates of solution at 22 'C It is believed that the volumes were 
measured at 22 °C and under the pressures (F) at which the absorption occurred, 
and it is on this assumption that the values of P here tabulated were computed from 
his two sets of rates The value of a has been taken as (rate/F) It will be noticed 
that his value for COt is entirely inconsistent with those of Bohr. 


Gas 

H. 

COa 

Cl. 

H.S 

SO. 

HCl 


Rate 

0.0043 

0 0168 

00984 

0 0950 

200 

543 

cc/min cm° 

Rate 

0 000023 

0000198 

000187 

0000866 

00343 

S3 

g/hr cm“ 

F 

0991 

00994 

00986 

00984 

0 0967 

0992 

atm 

a 

000038 

0.033 

0316 

0146 

5.90 

89. 

mg/min cm* atm 


“ Bohr, C., Ann d. Physii (Wtei.). O, S00-S2S (1899) 

“Adeney. W E , and Becker, H G . Sn Proc Roy DMin Soc (N y.J, 15, 385-404. 609- 
628 (1918-1919) = PW Mag (6), 38, 317-337 (1919), 3», 385-404 (1920) 
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Table 238. — ^Ezit CoefScieat of Gases from Water 

The exit coefficient is the occurrir^ in the expression c — c o = 
(c« - Co) (1 - (see text) - T) = p'it - t') ; the 

tabulated values of have been computed from the tabulated values of jS' 
and T’, which were published in the articles cited ; it has been assumed that 
T = 273 + t. The value of yff for air from sea-water is about 5 per cent 
less than that for air from distilled water.*“. p»»er 


Unit of JS — 1 cm/mm Temp — t *C 


Cas^ 

10*/*' 

r 

t' 

1 /«— 

Oi 

96 

237 

-36 

103 

240 

-33 

CO, 

381 

253 

-20 

p 

Air 

99 

239 

-34 

0 

0346 

0340 

0 076 

0 336 

5 

0 384 

0391 

0095 

0386 

10 

0 442 

0443 

0114 

0.436 

20 

0 538 

0 546 

0152 

0 534 

50 

0.634 

0649 

0190 

0634 

40 

0 730 

0 752 

0 229 

0 733 

Ref 

AB 

AB 

B 

AB 


A. Guyer and B. Tobler have reported the following values. Tem- 
perature of the bulk of the liquid was 20 °C. 


Gas 

P 

Acetylene 

4 32 

CO. 

384 

H,S 

3 76 

SO, 

0 93 

NH. 

009 


* References : 

AB Adetiey, W. E , and BecVer. H, G ••eond papar 
B Bohr. C 


Table 239* — ^Absorption of Oxygen by a Thin Film of Water 

It is assumed that the water is initially free of Oz- If c = concentration 
at the time t, c* = c when t = ta, A = area of the water surface, V = 
volume of the film, and p = 0.0096 (# -t- 36) cm/min,® then c/c* = 
1 — The values of t tabulated below correspond to V /A =0 05 

cm; hence if the absorption occurs on one side only and there is no loss 
from the other side (a thin film of water on a non-porous solid upon which 
the gas is not adsorbed), the film is 0.05 cm thick, but if absorption occurs 
on both sides, the thickness is 0.10 cm. The formula assumes that there 
is no evaporation, that the film does not mix with any other liquid, that p 
and Ca have the same values for the film as for an extended volume of 
thoroughly mixed water, and that the concentration is the same throughout 
the entire volume of the film. When appropriate values are given to £•», 
the tabulated values apply to atmospheric oxygen as well as to pure oxygen, 
and to sea-water as well as to pure water. 
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Table 239 — (Continued) 

Unit of T = 1 sec. of c/c, = 1%, temp. = t °C, V/A = 0 OS cm 


*-► 

0 

5 

10 

15 

20 

25 

30 

10 

10 

08 

08 

07 

07 

06 

05 

20 

21 

18 

16 

14 

13 

13 

12 

30 

32 

27 

23 

20 

1.8 

17 

16 

40 

45 

40 

36 

33 

29 

27 

24 

50 

60 

52 

46 

42 

39 

36 

33 

60 

80 

72 

64 

57 

50 

46 

43 

70 

105 

93 

82 

73 

67 

6.1 

58 

80 

140 

12 5 

110 

10 0 

00 

83 

77 

90 

198 

17 5 

156 

142 

130 

119 

108 

99 

396 

35 0 

312 

284 

26 0 

23 8 

216 


* In the paper here cited this unit is incorrectly given as “per sec" , cf with tables 
and graphs in AB reference of Table 238 


anti a = Pc^/P = fima,/PV ; c^/P and w^/PV are mean coefficients of 
absorption between 0 and P See C Bobr.^®* W E Adeney and H G. 
Becker,^*® H. G Becker/^^ and W E. Adeney.'** 

For values of <x and p, see Tables 237 and 238 

According to L A Klufschareff.'*® a superficial layer of machine oil 
does not affect the rate of solution of COs into water, but colloid particles, 
whether acid or neutral, increase both the rate and the amount of the 
solution of CO 2 . 


87 DiH'USion of Gases in Water 


The diffusivity, or coefficient of diffusion, of a .solute in a liquid is the 
quantity D m the equation (dq/dT)x = — D(dc/d.v)rdyde, where dq is 
the amount of the solute which in the time dr passes in the positive direc- 
tion of X through the area dyds at x, the concentration at x increasing in 
the direction of x at the rate {dcfdx)T, unless the contrary is stated, both 
q and c are specified in terms of the same unit amount of solute, and the 
unit of volume involved in c is the cube of the unit of length appearing in 
dx, dy, and dz. . Whence, (dc/dT):r = D{d’‘c/dx^)r if D is independent 
of X’, in general, D depends upon c, and hence, upon x. In that case 
(rfc/dT), = {d[Ddc/dx]/dx}r =D(,d^cldx^)r + idcldx)r%dDldc). The 
temperature is supposed to be uniform and constant. 


•Jaur chim appl Riisse, 4| 425- 


“•Becker, H. G, Ind Eng Chem , 1«. 1220-1224 (1924). 

Klufachareff, L A, Jour de Phys (7), 3, 513D (1932) < 

428 (1931) 

’“Chappuis, P, Trav et mSm bur int pmds et mes , 14, (B) 1-163, ami D 1-D 63 (1910). 
"1 Johnston, J , / Am Chem Sac , 38, 947-97S (1916) 

’»Guyer, A, and Tobler, B, Helv Chtm Aefa, 17, 550-555 (1934) See also, Idem, 17, 257- 
271 (1934). 
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Table 240. — Diffasmties of Selected Gases in Water 


Adapted from the compilation of H. R. Bruins.^®* 


The data for NHs represent a mean value of the diffusivity (i?) over 
an ill-dehned range of concentration, the diffusion having been from a solu- 
tion of initial concentration c into water initially NHs-free. The others 


refer to 

exceedingly dilute solutions. 









Unit of 

D = 10-* cmVseCa of c 

= 1 gfw per liter. Temp 

-fC 



Gas 

t 

D 

Ref J* 

Ref,* 

Gas 

t 

C 

D 

Ref 1 * 

Ref.,* 

H. 

10 

4. 

Hu 8 

Ba 

NH. 

5 

0, 

lA 

Sch 

Ex 


16 

4 7 

Hu 7 

Ex 


5 

3. 

12. 

Sch 

Ha 


21 

5. 

Hu 7 

Ha 


8 

1.0 

13. 

Ar 

Mu 

N. 

22 

20. 

Hu 7 

Ex 


8 

Sat.* 

1.0, 

Hu 8 

Vo 

Rn 

18 

11,' 

Ro 

Wa 


10 

Sat* 

1.1, 

Hu 8 


CO, 

10 

14. 

Hu 7, 8, St 

Ex 


12 

10 

16, 

Ar 



15 

16. 

Hu 7, 8, St 

Ha 


IS 

1.0 

1.7, 

Ab 



18 

1.7,' 

Ca 



IS 

Sat.* 

12, 

Hu 8 



20 

1.7, 

Hu 7, 8, St 

Wr 








Hi W. W Ipatieff, Jr, VV P Teodorovitsch, and S. 1 Druschma- Antemovitsch 

have reported that, within the limits 35 to 100 atm, D for Hi is independent 
of the pressure and has the following values 

t 15 25 35 45 • C 

IVD 249 3 37 4.22 5 69 cm’/sec. 


•References: Under Refi arc the references from which the associated data were 
obtained , under Ref i are supplementary references pertinent to the gase but not 
necessarily to the particular values of t and c given in this table. 

AbcM, R., Z phynt CKtm . 11, 248-264 (1893) 

Arrnenius, S , Idem, 10, 51-95 (1892) 

Barui, C , Carnettur Inet of fvashmaton. PubI No 186, 1-88 (1913) 

Carlinn, T , J Am Chem Soc , 55, 1027-1032 (iOll), Medd. f. K KclrnsJt Nobel- 
met, 2, No 6 (1913) 


Ab 

Ar 

Ba 

Ca 

Ex 

Ha 

Hu7 

Hu8 

Mu 

Ro 

Seb 

St 

Vo 

Wa 

Wr 


^ 321-336, 443-464 (1875) 
-766 (1898). 


Exner, F , Ann d Ptiysik (Peg, 

Hannbach, A , Idem (IVtcd ), fi. 

Hufner, G Idem, «, 134-168 QS97) 

Hufner, G , Z phyetk Chem , 31, 227-249 (1898) 

Muller J , Ann d PInstk (WKd ), 43, 554-567 (1891) 

R6na, E , Z phyetk Chem , 92, 213-218 (1917) 

Scheffer, J. D R , Idem, 2, 390-404 (1888) 

Stefan. J., Stteb Akad d Wtee. Wten (Abt II), Tt, 371-409 (1878) 

Voijrtlander, F,. Z phyetk CAcm.. 5, 316-335 (1889) 

Waflitabe, F, Phyetk Z, 4. 721->2i (1903) 

V Wroblewiki, S. Ann d Phyetk. (Wted ). 2, 481-513 (1877), 4. 268-277 (1878), 
7, 11-23 (1879), 8, 29-52 (18»). 


* Diffusion from water saturated with NHi at a pressure of 1 atm 

'11, =^007. M7i±003 


88 Pressure-volume-temperature Associations for 
Saturated Water and Steam 


In this section are assembled those pressure- volume-temperature asso- 
ciations that are characteristic of water in equilibrium with its own pure 
vapor, and of water-vapor in equilibrium with pure water. See also Table 
260 

When such equilihriuni exists, each phase is said to be saturated with 


'S* Brums, H R , Inf Crtt Tohfej, 5, 65-76 

**• ““d »ru.ch.„„.Ante,uov,t5cl,. 


1 , 2 anorg 
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S8. SATURATED WATER AND STEAM; P-V-T 

reference to the other, and its state is more briefly described by the single 
word “saturated,” as in “saturated water,” “saturated steam ” "■ 

Critical Pata. 

The critical data of a substance are those that are characteristic of it at 
its critical point. And the critical point in the usual p-v diagram is defined 
by the associated temperature and pressure that marks the vertex of the 
curve that bounds the area in which both phases (liquid and vapor) may 
coexist and each may be distinctly segregated There (dp/dv)t = 0 and 
(dv/dt)p = 00 . At that point the distinction between the two phases 
vanishes. Consequently, the meniscus separating the phases vanishes, and 
so does the latent heat of transition. Each of these phenomena has been 
used as a criterion for determining when the critical point has been 
attained, the first, the more frequently. 

But things are not quite so simple as one might infer For example, 
E Schroer has stated that the densities of the two phases do not become 
equal as the system passes through the critical point, although the meniscus 
vanishes , though mixed by stirring, segregation occurs when the stirring 
IS stopped. Only after the temperature has been raised to aliout 0.5 °C 
above the critical point does the system become homogeneous. Similar 
observations have been reported m some detail by O. Maass and A. L. 
Geddes,^®* who state that a difference in densities of the upper and the 
lower layers persisted after 6 hours of continuous stirring. This difference, 
at temperatures above the critical, decreases with rise in temperature, ulti- 
mately vanishing Also, the difference is destroyed if the system is 
expanded while slightly above the critical temperature, and also if the 
upper portion of the system is cooled below the temperature of the lower 
one. Once the difference of density is destroyed, the system remains homo- 
geneous however the temperature and pressure may be varied, provided that 
the temperature does not fall below the critical one. Such differences in 

* Over SO years ago, W. Ramsay and S. Young proposed that the “airve repre- 
senting the relations between volumes and temperatures at the vapor-pressures corre- 
sponding to the temperatures” be called the “orthobaric” curve. This has led to an 
occasional use of the adjective orthobaric to modify the name of a property for the 
purpose of indicating that the values considered are solely those characteristic of a 
given liquid when subjected to the equilibrium pressure of its own pure vapor , as m 
"orthobaric density” But the word does not appear in any of the general English 
dictionaries; and its significance, as defined by Ramsay and Young, is unknown to 
many who are interested in the date for saturated liquids, and is not at all self- 
evident. There seems to be little reason for using it, especially as the same purpose 
can be served by qualifying the name of the liquid or its class by the adjective 
"saturated,” in accordance with a custom long established for vapors However, 
should an adjective applicable to the property, instead of the substance, be needed, 
then either autopiestic or, less appropriately, autobaric would be preferable to ortho- 
baric, as the first component— “auto”— directly suggests that the pressure in mind 
arises from, and is characteristic of, the substance itself, while "ortho” does not. 

Ramsay, W., and Young, S., Phil Trans, 177, 123-156 (135-136) (1886). 

^SAOer, E, Z phvstk Ckem , 129, 79-110 (1927) 

^ Maasa, O, and Geddas, A, L, PkU Trans (A), 236, 303-332 (1937) 
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density had previously been observed by G. Teichner ; see also 
J. Traube,*®® who developed a theory based on the idea that the liquid mole- 
cule differed from the gas one in size but not in mass, and that at the 
critical point the two types of molecules were miscible in all proportions, 
becoming identical only at a higher temperature. Maass and Geddes refer 
to other papers bearing on the subject. 

Furthermore, C. A. Winkler and O. Maass have reported observa- 
tions indicating that the surface energy does not become zero when the 
meniscus vanishes. 

And H. L. Callendar has reported that differences in density can be 
detected as far as 6 °C above the critical temperature (374 °C), that the 
latent heat of vaporization does not vanish until that higher temperature is 
reached, and that small amounts of air m the water cause serious difficulties 
These conclusions were not entirely borne out by the work of A. Egerton 
and G. S. Callendar ; and the careful work of W. Koch,^®® specially 


Table 241. — Critical Constants of Water 

The values preferred at present by the National Bureau of Standards 
are these: 

ic = 3741S°C, p, = 225 65 kgVcm® = 218 39 atm, Vo* = 31 

cm®/g.^^® 

The several sets of values reported since 1900, exciting H L Callen- 
dar’s (see text), are given below. The assigning of two values to a given 
reference indicates that the authors state no more than that the true value 
lies between those limits. 

1 atm = 1 03323 ktfVcm® = 1 01335 bars 


Unit-> 

1 "C 

1 atm 

1 kB*/cni* 

1 cm’/'E 

Ref« 

Year 

te 

Pr 

■ — 

Vc" 


1904 

374 




TT 

1910 

374 07,374 62 

2i8 

225 


HR 

1927 

374 20=1=020 




S 

1928 

374 0 

217 72 

224 95 

25 

ICT 

1931 

37411 

218 53 

225 79 

3 086 

KS 

1932 

374,374 5 




EC 

1932 

374 

219 

226 

28,30 

NB 

1934 

374 11 -f 

218 167 

225416 


SKG 

1937 

374 23 

218 26 

225 51 

3 066 

E 

1937 

374 15 

21839 

225 65 

31 

OSG 


For the viscosity at the critical point, see p 66 


E. H. Riesenfeld and T L. Chang have given for ordinary water 

Teichner, G, Atin d Physik (4), U, 595.610, 611-619 (1904) = Dtss , Wien, 1903 
Traube, J , Z ttnorg Chem . 37, 225-242 (1903) 
iMWmUer, C A., and Maass, O, Can J. Res, 9, 65-79 (1933) 

•"Callendar, H. L, Proc Roy Sac (London) (A), 120, 460-472 (1928), Engineering (London). 
126, 594-595 , 625-627, 671-673 (1928) 

•“Fgerton, A. and Callendar. G S, Phd Trans (A). 231, 147-205 (1932). 

•"Koch, W, Forseh Gebiete Ingenieurw , 3, 189-192 (1932). 

•"Jakob, M, Physti. Z., 36, 413-414 (1935). 

•"Harand, J., MonatAi. Chem, 65, 153-184 (1934) 
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Table 241. — (Continued) 

the following values in the neighborhood of for the density (p) of satu- 
rated vapor and of saturated liquid. The mean of the two densities corre- 
sponding to the same t is almost linear in t, and by extrapolation leads to 
Pe = 0.329 g/cm®, or Va* = 3.04 cm®/g. As tabulated, the values proceed 
in regular order from vapor saturated at 364 0 “C to liquid saturated at 


365.4 °C. 

Unit of p = 

1 g/cm«; 

of 27* = 1 cm*/g ; temp. 

= t®C. 

t 

p 


t 

a 

V* 

3640 

0157 

6.37 

3739 

0392 

2 55 

3731 

0 244 

410 

3737 

0 398 

251 

374 0 

0271 

369 

373 4 

0402 

249 

374 0 

0288 

347 

3729 

0409 

244 

3740 

0317 

315 

3734 

0.410 

244 

3743 

0322 

310 

3718 

0440 

227 

374 2 

0329 

304 

3672 

0478 

209 

3742 

0 343 

292 

.366 5 

0481 

208 

3742 

0 344 

291 

365 4 

0490 

204 

3742 

0 354 

2 82 

.365 4 

0491 

204 


References. 

EC Egerton, A , and Callendar, G S *''* 

E Efcfc, H, Tattgkett d Pkyi Teehn Retfhs , f 32, 1936, - PkvJtk 7 , 31, 256 (1937), 
HR Holborn. L, and Baumann, A, d Pkvs (4), 3i, 941 970 (1910) 

ICT Int Cm Tables, 3, 248 (1928) Compilation by A F. O Germann and S F Pick- 


KS 

NB 

OSG 

S 

SKG 

TT 


ering 

Kcyea, F G , and Smith, L B, Mreh Eng, 53, 132 135 (1931) 

V Nieuwenburg, C J , and Blumcndal, H B , Pec. Trev. chim Pays-Bas, 51, 707- 
714 (1932) 

Oaborne, N S, Stimaon, H F, and Ginmnga, D C, / Res Nat Bar Stand, M, 
389-448 (RP983) (1937) 

.Schroer. E , 2 phystk Chem , 129, 79-110 (1927) 

Smith, L B, Keyes, F G, and (jerry, H T, Prec Am Acad Arts Set, 69, 117- 
168 (1934) 

Traabe, J, and Teichner, G, Ann d Phys (4), 13, 620-621 (1904) 


undertaken for their investigation, has given no confirmation of them, not 
even of the serious effects caused by a small admixture of air One would 
be inclined to think that Callendar’s conclusions are erroneous were it not 
for the other observations that have been mentioned, but they, and espe- 
cially those of Maass and Geddes, suggest that the lailure in confirmation 
may have re.sulted from some difference in the procedures followed. 

See also M Jakob and J Harand ; the latter observed the region 
of the meniscus with a “schlieren” microscope and found the fluid to be 
nonhomogeneous immediately after the meniscus had vanished. 

Saturated Vapor. 

(a) Vapor-pressure — Dcfimtwn — ^The pressure of a vapor that is in 
equilibrium with its liquid depends not only upon the temperature, but also 
upon the shape of the liquid surface and upon the presence or absence of a 
foreign gas, the effect of such gas varying with its partial pressure. That 
particular pressure of the vapor, unmixed with a foreign gas, that is in 
equilibrium with a flat surface of its own pure liquid is properly called the 

iM Osborne, N. S. Stimson, H F, and Ginnings, DC, / Res. Nat. Bar. Stand, 18, 389-448 
(RP983) (1937) 

^Riesenfeld, E H, and Chang, T L, Z phys Chem (B), 30, 61-68 (1935). 
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vapor-pressure of the liquid, and is presumably the quantity that is given 
in tables of vapor-pressures. The equilibria! pressure under other con- 
ditions, though quite frequently called the same name is preferably 
designated in a different manner. 

Past History, Effect of . — Menzies and his associates have concluded from 
their own observations that, when the temperature of water is changed, any 
accompanying change in the internal state of the water is completely 
attained practically instantly.*^^ 

Furthermore, as certain observations by T. C. Barnes and his asso- 
ciates have indicated that water from freshly melted ice is more con- 
ducive to the growth of certain biological organisms than is either ordinary 
water or water from freshly condensed steam, and this has been interpreted 
as arising from the presence of an excess of trihydrol in the freshly 
melted ice, A W. C. Menzies has compared the vapor-pressure of water 
from freshly melted ice with that from freshly condensed steam, finding no 
difference He cannot accept the trihydrol explanation (see also A. W. C 
Menzies . 

Catalysts, Effect of . — ^Although H B. Baker has reported a progres- 
sive change in the vapor-pressure of water in contact with such catalysts 
as charcoal, thoria, and platinum black, Menzies and his associates seem 
to have shown that Baker’s conclusions cannot be accepted. 

Gas, Effect of — The effect of an inert gas upon the equilibria! pres- 
sure of the vapor of a liquid in contact with it is twofold: (1) the direct 


Table 242. — Vapor-pressure of Water (atm): —5 to +374 

(See also International Skeleton Steam Tables. 1934, (Table 260) 
and Tables 243, 244, and 245 ) 

These values, computed by means of formula ( 1 ) are believed to be the 
most accurate available for 100 "C, for which range they were chosen 
for the International Skeleton Steam Tables of 1934 (see Table 260) ; for 
lower temperatures the slightly different values given in the latter tables 
are to be preferred. Their differences from those here given are shown 
m Table 246 All values refer to a flat surface of pure water in contact 
with its own pure vapor. For the effect of inert gases, see text (p. 560) 
and Tables 243 and 245. 

In the Osborne-Meyers paper the pressures are expressed in kg* /cm® 
as well as in atm, and are given for each 1 °C ; also in lb*/in® for each 1 ®F 


«»West, W A, and Meniiea, A C W , Pfcya’J Chem , 33, 1893-1896 (1929). 

’OBarnu, T C. Proc Nat. Acad Set, U. 136-137 (1932), Uoyd, F F , and Barnes, T ( , 
Idem, la 422-427 (1932), Barnes, T C, and Jahn, T L, Idem, 19, 638-640 (1933): Barnes, T 
r and r.ar^, E J , J .4m Chem Soe S5, S0-S9 (1933), Barnes. T C , and Jahn. T L, Quart 
Rev Bud, 9, 292-341 (1934), Barnes, T C. Setence, 79, 4SS-457 (1934), ft, 200-201 (1935). 
»« Barnes, H. T , and T C , Nature. 129, 691 (1932) 

«» Meniiea, A. W C, Proe Nat Acad Set, IS, 567-368 (1932) 

“ Menzies, A W C , Setenre (N S ), 80, 72-73 (1934) 

Balter, H B , / Chem See (Lemdoa), 1927, 949-958 (1927) 


'"West. W A . and Menzies, A W C, I Phy^l Chem., 33, 1893-1896 (1929). Wrisht, S L, 
and Menzies, A W C , / Am Chem Soe , 52, 4699 4708 (1930) : Menzies, A W C '« 
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Table 243. — Vapor-pressure of Water (mm-Hg) : 0 to — 16 °C 

From compilation by E. W. Washburn.^®® 

(See also Tables 242 and 244.) 

The following values have been computed by E. W Washburn from 
the values derived by himself for the vapor pressure of ice at the correspond- 
ing temperatures (p. 598 and Table 264), the relation between the two 
being taken as that indicated by the formula 

^ 330(10-®t®) -t- 9.084(10-®/®) 
which is based upon the following values : 

Specific heat of water = (1 0092 — 0.001080/ + 0000036/®) calin per g °C 
Specific heat of ice ® = (0 5052 -t- 0001861/) cabs per g °C 
Latent heat of fusion of 18015 g of ice at 0°C = 1435 5 caln( = 333 48 j) 
Gas-constant, R = 1.9869 calm per g-moIe-°C = 8 315^ jyg-mole-°C 

The values so obtained for the vapor pressure exceed those given by 
L Holbom, K Scheel, and F. Henning,^®® and based upon work done at 
the Physikalisch-Technischcn Eeichsanstalt, by amounts ranging from 0 at 
0 “C to 0 008 mm-Hg at - 15 9 "C. 

When the vapor is mixed with such an amount of atmospheric air 
that the total pressure is one atm, the vapor pressure exceeds that here 
given by a small amount, A/>, defined by the equation A/'/p = 0 024/ 
(273 + /) * The numbers in this table refer to pure water in contact with 
its pure vapor At the end of each line is given, under D, the correspond- 
ing average increase m pressure per 0 1 “C decrease in temperature. 


Unit of P — I mtn>Hg, of D = 0 001 mm-IIg Temp = (fj 4- fg) ®C 



“0 0 

-0 1 

“0 2 

-0 3 

“0 4 

p 

-0 5 

“0 6 

-0 7 

-0 8 

-0 9 

D 

-321 

*i 

-0 

' 4 579 

4 546 

4 513 

4 480 

4 448 

4 416 

4 385 

4 353 

4 320 

4 289 

-1 

4 258 

4 227 

4196 

4165 

41.15 

4105 

4 075 

4 045 

4 016 

3 986 

-302 

-2 

3 956 

3 927 

3 898 

3 871 

3 841 

3 813 

.1785 

3 757 

3 730 

3 702 

-283 

-3 

3 673 

3 647 

3 620 

3 593 

3 567 

3 540 

3 514 

3 487 

3 461 

3 436 

-26 3 

-4 

3 410 

3 384 

3JS9 

3.134 

3309 

3 284 

3 259 

.1235 

3 211 

3187 

-247 

-S 

3163 

3139 

3115 

3 092 

3 069 

3 046 

3 022 

.1000 

2976 

2 955 

-23 2 

-6 

2 931 

2909 

2 887 

2866 

2 843 

2 822 

2800 

2 778 

2 757 

2 736 

-216 

-7 

2715 

2695 

2 674 

2654 

2 6.13 

2 613 

2 59.1 

2 572 

2 553 

2 533 

-201 

-8 

2 514 

2495 

2 475 

2456 

2437 

2 418 

2399 

2 380 

2362 

2343 

-188 

-9 

2326 

2 307 

2 289 

2271 

2 254 

2236 

2 219 

2 201 

2184 

2167 

-177 

-10 

2149 

2134 

2116 

2099 

2 084 

2067 

2 050 

2 0.14 

2018 

2001 

-162 

-11 

1987 

1971 

1955 

1939 

1924 

1 909 

1893 

1878 

1863 

1848 

-153 

-12 

1 834 

1819 

1 804 

1 790 

1776 

1761 

1 748 

1 734 

1720 

1 70S 

-143 

-13 

1691 

1678 

1665 

1 651 

1637 

1624 

1611 

1599 

1585 

1 572 

-131 

-14 

1560 

1547 

1 534 

1522 

1 511 

1497 

1485 

1472 

1460 

1449 

-124 

-IS 

1436 

1425 

1414 

1 402 

1390 

1379 

1368 

1356 

1345 

1 334 

-113 


• In the Weather Review the number 0 5052 was incorrectly printed as 0 5952. 

♦ This coefficient (0 024) differs from that (0 020) given by Washburn ’*'• *** , the 
latter is incorrect 


“'Cf W Thomson (Lord Kelvin), Pht! Mag (4), 42, 448-452 (1871) 
»• V Helmholtz, R , Ann d Phys (Wted ), 21, 508-543 (1886). 

» Wdioa, C. T. R , Pktl Trans (A), 18», 265-307 (1897). 
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effect of the pressure that the gas exerts, and (2) the effect of the gas tliat 
is dissolved m the liquid The first is an increase, and the second a 
decrease, in the pressure of the vapor. 

If pg = partial pressure of the inert gas at the surface of the liquid, 
po = vapor-pressure of the liquid in the absence of the inert gas, Ap = 


Table 244. — ^Vapor-pressure of Water (millibars): 0 to —50 ®C 

Adapted from L. P. Harrison'®® (See also Tabic 243 ) 
Computed by means of the formulas (p 598 and Table 243) given by 
E. W. Washburn,'®* and for each 0.5 °C. 


Unit of P = 1 millibar ~ 1000 dyn^cm* - 0 75 mm-IIg Temp “ iti +*a) *0 


tar* 

0 

-1 

-2 

-3 

-4 

p 

-5 

-6 

-7 

“8 

-9 

ti r 

0 

6105 

5 677 

5275 

4 898 

4546 

4 217 

3 909 

3 620 

3352 

3100' 

-10 

2 866 

2648 

2444 

2255 

2079 

1915 

1 763 

1622 

1490 

1370 

-20 

1257 

1 153 

1056 

0967 

0885 

0 809 

0 739 

0 674 

0615 

0 560 

-30 

0 510 

0 464 

0421 

0383 

0347 

0 314 

0 285 

0257 

0 233 

0210 

-40 

0189 

0170 

0153 

0138 

0124 

0111 

0 0994 

0 0890 

0 0795 

00710 


-50 00633 


Table 245. — Vapor-pressure of Water (mm-Hg): 0 to 102 °C 
(Values m Table 242 are to be preferred ) 


From compilation by E, W. Washburn Cf also Table 242. 

These values are based upon observations made at the Physikahsch- 
Technischen Reichsanstalt, which were reduced to the temperature scale® 
of the Reichsanstalt in 1919, and mteriwlatecl, as below, by L Holborn, 
K. Scheel, and F. Henning.'®® Reproduction is by permission of Vieweg & 
Sohn. 

When the vapor is mixed with sucli an amount of aimosphenc air that 
the total pressure is 1 atm, the vapor pressure exceeds that here given 1^ 
the amount Ap, defined as follows: Ap/p = 0000775 — 3.13(10 ®#) if 0 < 
t<40°C; A/.//. = 0.000652 - 8.75 (10-'/>) if S0<t<90°C, p being 
expressed in mm-Hg. The numbers in this table refer to pure water in 
contact with its pure vapor. At the end of each line is given, under D, the 
corresponding average increase in the pressure on going from one tabulated 
value to the next , and under 8 is given the amount by which the entry in 
the zero column exceeds the corresponding value in Table 242, cf. Table 


246. 

At the triple point corresponding to equilibrium between water, water- 
vapor, and ice-I, t = 0 0099 °C, ^ = 4 5867 mm-Hg.'®® 


•Defined by the melting point of ice (O'), the boiling point of water (100°), and 
the boiling point of sulphur (taken as 44455'), all under the „ 

atmosphere , interpolation between these points being made by means of a resistance- 
thermometer of platinum 

“»«Gudris, N, and Kulikowa, L, Z Phtnk, 25, 121-132 (1924) 

“*Hulett, G A. Z phy«k. Chtm . 42, p-368 <'’“-1903). . 55 , (192S) 

“lIcHaffie, I. R., and Lenher, S, / Chtm. Soc. (London), 127, 1559-1572 (1925). 



Unit of P ^ 1 mm-Hg, of D and 4 ^ 1 in last tabulated digit of P, Temp. ~ itx * 1 * ta) 
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amount by which the equilibria! pressure of the vapor has been increased 
by the presence of the inert gas, p = density of the liquid, T “K = absolute 
temperature, R = the gas-constant expressed in appropriate units, 
M = molecular weight of the vapor, and and nj = number of moleatles 
of gas and of liquid, respectively, that make up the liquid phase, then if A/» 
is small, it is quite closely given by the formula ^p/po = Mpg/pRT — n^/ 
{fig + «j). A more accurate formula is loge[(% -f nx)p' lnip^\ = Mpg/ 
p’RT, where P' = Po + A/>, and p' is the density of the liquid at a pressure 
midway between p^ and {P' + It must be remembered that pg is the 
actual partial pressure at the surface of the liquid, and that rig is the actual 
number of molecules dissolved in the liquid ; if the liquid is boiling, these 
values are quite different from what they would be under other conditions. 
Under suitable boding conditions they approach, and may become, zero 
Apparently no direct determination of the equilibria! pressure of the 

Table 246. — Comparison of Smoothed Values for the Vapor-pressure 
of Water (mm-Hg, atm) 

In this table several sets of smoothed values for the vapor-pressure (P) 
of water are compared with those preferred ones (Pom) defined by for- 
mula (1) of Osborne and Meyers, and given in Table 242. Some of these 
sets represent values computed by means of smoothing equations that have 
been published , all have been taken from published tables of adjusted 
values None of them are directly observed values Graphical compari- 
sons of the observed values have been published by N S Osborne,’®® and 
by N S Osborne and C H Meyers.’®® 

P = Pom + 8, where Pom is the value defined by the Osborne-Meyers 
formula When P has been published with less than 5 significant figures 
(the number here given for Pom) or m such units that the last specified 
digit does not suffice to determine the fifth digit when P is expicssed in 
the unit here used, then the surplus or undetermined digits in 8 are 
depressed , when the significant figures in 8 are all depressed, they are pre- 
ceded by a 0 in the normal position For example, the KS value for 
160 °C IS 6 0996 4- O 4 = 6 100 atm. 

Unit of ^ = 1 mm Hg, of /• = 1 atm = I 01325 bars = 1 03323 kgVcm*, of 3 “ 1 unit m last 
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0 

-3 

-28 

25 

23 729 

+27 


+24 

75 

289 13 

-0. 

0 

-3 

-35 

30 

31792 

+32 

+24 

+25 

80 

35522 

— 1, 

0 

-4 

-32 

35 

42139 

-f 36 


+26 

85 

433 56 

+0* 


-5 

-2 

40 

55288 

+ 36 

+29 

+23 

90 

52586 

-10 

0 

-4 

+8 

45 

71840 

+ 4o 


+20 

95 

634 00 

-10 


-3 



Osborn^ N S. and Meyera, C 7 Rft ATof. Bur Stand, 13 * 1-20 (RP691) (1934)-^ 
Afcch, Bnff , ^ 207-209 < 1934 ). 
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Table 246 


References*-^ 
t , — 

OSFG 

SKGi 

KS 

100 

1.0000 

0 

0 


no 

14139 

-1 

0 


120 

1 9594 

-1 

-(-1 


130 

2 6658 

0 

+4 


140 

3 5663 

+ 1 

+5 


150 

4 6975 

+2 

+8 


160 

6 0996 

+4 

+ 11 

+0, 

170 

7 8167 

+4 

4 13 

+2, 

180 

9 8960 

+2 

+ 14 

-3, 

190 

12 388 

0 

+2 

-10 

200 

15 347 

0 

+2 

-12 

210 

18 830 

0 

+ 1 

+12 

220 

22 898 

-I 

0 

-8 

230 

27 613 

-1 

0 

-23 

240 

33 042 

0 

-1 

-35 

250 

39 256 

0 

-2 

-25 

260 

46 326 

+ 2 

-3 

-15 

270 

54 331 

-t-3 

-4 

-20 

280 

63 352 

+ 1 

-6 

-41 

290 

73 475 

-3 

-9 

-47 

300 

84 793 

-5 

-14 

+4 

310 

97406 

-4 

-21 

+30 

320 

11142 

0 

-3 

+5 

330 

126 96 

0 

-3 

+10 

340 

144 17 

0 

-4 

+ 16 

350 

163 20 

0 

-3 

+ 16 

360 

184 29 

0 

-2 

+ 15 

370 

207.77 

+ 1 

-3 

+7 

371 

21027 

+ 1 


+9 

372 

212 80 

+ 1 

-5 

+ 12 

373 

215 37 

0 


+15 

374 

21798 

-2 

-10 

+20 


(Conhmied) 


It 

IF 

WT 

EC 

c 

0 


0 



0 


0 



0 


41 



42 


+4 



+ 0r 


+0, 



+0s 


4 0-. 



4 0, 


+0, 



+0, 


+ ls 

+ 79 


-1» 

+ 0oi, 

(In 

4 126 


—2 

On 

— 1 

+ 12 


-6 

-0, 

-4 

+8 

+ 13, 

—7 

On 

-4 

+5 

+ 17. 

—9 

-On 

-5 

+5 

+22, 

-10 

In 

-5 

+ 8 

+26, 

—15 

In 

-9 

+6 

+31, 

-22 

-2n 

-15 

-4 

+35. 

-26 

-2. 

-17 

-1 

+3^ 

-40 

-3n 

-28 

+ 14 

+39, 

-57 

-5, 

-43 

.1 14 

4.37, 

-5- 

— 5b 


-4 

+32. 

-U 

-0, 

+0, 

-n 

4-17, 

— On 

40, 

+2, 

4 8 

+8, 

+ 1 


+4 

+2 

-1, 

4 3 


+7 

-1 

-4, 

+3 


+7 

-2 

-7, 

-4 


+ 1 

42 

-9. 

-22 


-16 

+ 1 

-9, 

-28 


-21 

+7 

+ 1« 

-29 


-21 

+9 


+29 


-21 

+8 


+28 


-20 

+8 


+26 


-18 

+7 

+ 13, 


* References • 


C 

EC 

ICTj 

ict; 


1ST 
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KS 
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SKG 


Callendar, 11 L. Proc Intt Meek Eng, 1929, 507-527 (1929) 

Egerton, A , and Callendar, G S , Phil Trans (A), 231, 147-205 (A698) (1932) 

iToni compilition by Washburn, E W \VT, sec Tible 245 

From the compilation by Keyes, F G , 7wt Crit Tahirs, 1 2^3 (1928), and d-rived 

by him from WT by the application of corrections required to make the t«*mpeiature 

scale correspond to that on which the lioilinff point of sulphur under a pressuie of 

1 &tm 18 444 60 ®( instead of 444 55 wmen is assumed m WT 

Int Skeleton Steam Tables, 1934, see Table 200 

Jakob, M, and hritz, W, Techn Mcch u Fhermodyn , 1, 173-181, 216 240 (1910), 
Forsrh Cehtctc Inffenicurw , 4, 295^299 (1913) 

Keyes, F. G, and Smith, L B, Mech Enff , 52, 124-127 (1930) 

Osborne, N S Stimson If F Piock, E F, and GinnmKs, D C, J?«r Stand J 
nc4, 10, 155-188 (RPS23) (1931) 

Smith, L B, Keyes, F 0, and Gerry, H T, Proc Amcr Acad Artr Set, 69, 
117-168 (1934), they publish two smoothinfr equations — (1) for t>100 *C and 
(2) for /< 100 as here indicated by subscripts — and extended tables of values 


of p and ^ dp/dt 

Smith, A, and Menzies, A W C, Ann d Phys (4), 33, 971-978 (1910) 
Hollxim, L , Scheel, K , and Hennmir, F 

* Above t = 100 'C the 1ST values are identical with Pok 


SM 

WT 


vapor of water m contact with an inert gas is available, but insofar as it is 
allowable to regard water-vapor as an ideal gas the increase A/> may be 
computed by means of the formula = (p' — po)/po, where po is the 

value of the vapor-pressure of water when no inert gas is present, po is the 
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corresponding density of the pure saturated vapor, and p is the observed 
density of water-vapor saturated in the presence of the inert gas ; all corre- 
sponding to the same temperature. These values of ^p/po niay be read 
directly from the values of p’/po given in Table 252. It will be noticed 
that the several sets of comparable values there given are discordant both 
with one another and with the values computed by means of the preceding 
formula. 

Curvature o/ Surface, Effect of — ^If p = equilibria! pressure of the 
vapor in contact with a spherical surface of the liquid (radius = r), po = 
that of the vapor in contact with a flat surface, y = surface-tension of the 
liquid, and the other symbols have the significance already stated, then 
(p-Po)/Po = =*= [ypo/(p-pa)Po](l/ri + l/ra) = ± 2y/pRTr approxi- 
mately, if (p — po) and (p — po) are small, and ri = r 2 = r, ri and ra 
being the principal radii of curvature of the surface ; the plus sign is to be 
taken if the concavity of the surface is toward the liquid.*®^ (If r is so 
small that p — Po is not small in comparison with po, then the more exact 
expression iogt(p/po) = (y/RTp)(l/ri -f l/r^) must be used; see 
R. V. Helmholtz ^®* or C. T. R. Wilson ^®®) Obviously, the unit of mass 
appearing in R must be the same as that in p. For water at 20 °C 
(T = 293 1 °K), y = 72 75 dynes/cm, p = 09984 g/cm®, R = 8.315 X 10^ 
erg/g-mole'‘’C = 4.615 X 10® erg/g-®C, whence rip — po)/po = — 
0001077 p if the concavity is turned away from the liquid (1 — 0.001 

mm). Whence the following; 

r 1000 100 10 5 1 0 5i* 

iP»-p)/P> 0.0001 00011 0.0108 0.0215 0 108 0 215% 

Certain observations by W. A. Patrick and his associates indicate that 
over concave menisci in very small tubes (r = a few microns) the value 
of (^0 — p) exceeds that demanded by this formula. They are inconsistent 
with the observations of N. Gudris and L. Kulikowa,‘®'*“ and seem to be 

Table 247. — ^Thermal Rate of Variation in the Vapor-pressure 
of Water (atm) ^®® 

These values, computed by means of formula (2), are believed to be the 
most accurate available ; they supersede the slightly different ones previously 
published by Osborne, Stimson, Fiock, and Ginnings.^™ In Table 248 
certain of these values are expressed in mm-Hg, and other sets of values are 
compared with them. 

The authors give values for each °C in kg*/cm® as well as in atm, and 
for each ®F in lb*/in®. And Osborne, Stimson, and Ginnings give the 
values of TidPfdT) in Int. joules/cm* for these same values of dP/dT 
(steps not greater than 5 °C; range, 100 to 374 15 "C). 

»T Adamaon, A. Sfam Proc iianchett€r LU Phil Soc , 76, 1-9 C1931). 

Batschinaki, A., Nature, lit, 198 (1927). 

"Flacker, V., Z. Phynk, 43, 131-151 (1927). 

"Hofbauer, P. H., AUt ponitf. Aee, ecu nuovi Lmeei, 84, 353-363, 581-586 (1931). 

"Kir^rff, V, Jour, de Phyt. (7), 3, 150D (A) (1938) 4- /Mr. ehun phye. Rutte, 1, 241- 
248 (1930). 
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inconsistent with the results obtained in another field by R. Buckley (see 
discussion on pp. 513, 518). 

T enston. Effect oj. — G. A. Hulett has reported observations which he 


Table 248. — Comparison of Thermal Rates of Variation in the 
Vapor-pressure of Water (mm-Hg) 

dp/dt = {dp/dt)(m + 8 where (d/>/df)oM is the corresponding value 
from Table 247. 

' 1 tnm-Hg = 1 3158 milliatm = 1 3564 g*/cm® = 1 3332 millibars 

Unit of (dp/dt) ~ 1 of 3 = 1 unit m last place m (dp/dt) 


Rcf«-> SKG WT JF J OSFG Ref«-> JF J OSFG 


t 

(.dp/ dt^Q^, 


8 


N 

i 

(dp/dt)o ^, — 



0 

03323 

+6 

- 1-12 



200 

244 0 

0 -2 

0 

10 

6158 

+7 

- t -20 



210 

2861 

0 0 

0 

20 

1080 

+5 

- 1-6 



220 

332 9 

0 

0 

30 

1825 

0 

-fl 

-1 


230 

384 6 

-1 

0 

40 

2 948 

0 

-1 

-7 


240 

4416 

-6 

0 

50 

4 591 

-1 

-4 

-5 


250 

503 8 

-2 

- f -1 

60 

6916 

-2 

-8 

-10 


260 

5719 

-8 

- t-l 

70 

10.11 

0 

-1 

-3 


270 

645 9 

-9 

•fl 

80 

14.38 

-1 

0 

0 


280 

726 3 

-10 

-3 

90 

19 98 

0 

-1 

- 1-2 


290 

813 5 

-fS 

-2 

100 

2713 

+ 1 


- 1-3 

-1 

300 

908 0 

-)-40 

-1 

110 

3611 

•f 1 

+1 

0 

-1 

310 

1010 4 

-5 

f 2 

120 

4718 

- t -1 

- 1-1 

0 

0 

320 

11215 


f > 

130 

60 62 

+ 1 

0 

+2 

- 1-1 

330 

1242 4 


f 1 

140 

76 71 

0 

-3 

-7 

-fl 

340 

1374 8 


-3 

150 

95 73 

-2 

-10 

-13 

- 1-1 

350 

1521 5 


-3 

160 

1180 


-3 

0 

0 

360 

16881 


f 6 

170 

143 6 


-5 

- 1-1 

0 

365 

1782 4 


fll 

180 

173 0 


-8 0 

-2 

0 

370 

1888 6 


-3 

190 

206 4 


-1 

-1 

0 

374 

1999 3 

- 

-181 

II Moser ™ 









1 (dp/dt)„„ 

6 

t 

(dp/dOou 

( 

9 t 

( dp/dt) 

6 


96 5 24 434 

- f 55 

98 

25 563 

— 

45 99 5 

26 732 

-38 


97 24 806 

- 1-13 

98 5 

25948 

— 

54 100 

27131 

-9 


97 5 25 182 

-20 

99 

26 338 

— 

53 100 5 

27534 

f 38 
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T Jakoh, Mt horsch -Arb Ceb\ete liiQenu,Hrw , 310, 9*19 (1928) 

JF J^ob, M .and Frits, W , Teckn Mtch Tkermodynam , 1, 173*183, 236*240 (1930) 

OSFG Osliorne, N S , Stimaon, H. F , Ftock, E F , and Ginmngs, D C , Bwr Stand 
J Res, 10» 155*188 (RP523) <193^ 

SKG Smith. L B , Keyes, F CL, and Gerry, H T , Proc Amer Acad Arts Set , 69, 
137-168 (1934) 

WT Holborn, L, Scheel, K, and Henning, F, "Warmetabellen,’* 1919 


Table 249. — Temperature of Saturated Water-vapor: 

0.0075 to 225 kg*/cm* 

Adapted from a table by N. S. Osborne and C. H. Meyers 
and on the same basis as the data in Table 242. The authors 
give a similar table in terms of lb*/m^ and “F, but do not give 
the A’s. (See also Table 253.) 

“•Smith, I.. B., F. G, and Gerry, H T, Proc Amer, Acad Arts Set, 69, 137-168 

(1934), 70, 319-364 (1935) 
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Table 249. — (Continued) 

Values of t for intermediate values of P may be computed by means 
of the well-known formula: 

f(x + h) = f(x) + k — —j— ^s(x) + -^ ^AsC^r) 


(1 -fc)(2-fe)(3-fe) 
4! 


+ 


3' 

•} 


where k = h/s, s being the length of the successive (equal) steps in the 
table, and A, being the wth difference (p 656). The first and second 
differences are tabulated on the same lines as the P’s to which they corre- 
spond They will be sufficient except where As is varying rapidly; in 
which case, higher differences should be computed and used 

For example, taking one of the worst cases, find the temperature at 
which the saturation pressure is 0007721s kg^/cm®. The nearest tabular 
value below the assigned pre.s.surc is P = 0 0075, corresponding to f = 
2 590 °C, lOOOAi = 4117, IOOOAo = - 828, lOOOA., = + 292, IOOOA4 = 
- 135, lOOOAs = -I- 77; h = 0000221*, j = 00025, hence k = 00884. 
Putting these in the formula, one obtains the value 


t = 2.590 + 


00884 

idbo 


{4117 -h 377 -h 85 -f- 29 -I- 13 -I- • • •) = 2 998* “C 


Whereas it is seen from Table 242 that at 3 °C P — 00074/3 atm 
0 007721* kg*/cm2 Hence, the computed value differs from the true 1^ 
only 000l5°C Had all differences beyond the second been neglected, 
the value 2 987 °C would have been found. , , , 

Similarly for P = 00185124 kgVcm* one obtains t = 15 997 C i! only 
the first and second differences are used, 16000 °C if t ic third 
From Table 242 it is seen that at 16 °C. P = 0.017917 atm - 00185124 
kgVcm- Here the computed value is in error by less than OUUl wnen 
only 3 differences are used 


Unit of P = 

1 kg* /cm* 

= 0 967841 

atm - 735 

P 

i 

1000 A, 

-1000 As 

00075 

2 590 

4117 

828 

0100 

6 707 

3289 

536 

0125 

9 996 

2753 

379 

0150 

12 749 

2374 

280 

0175 

15123 

2094 

220 

0200 

17217 

1874 

174 

0225 

19.091 

1700 

142 

.0250 

20 791 

1558 

119 

0275 

22 349 

1439 


.030 

23 788 

2587 

304 

035 

26375 

2283 

236 

040 

28658 

2047 

190 

045 

30 705 

1857 

154 

050 

32 562 

1703 

129 

.055 

34265 

1574 

111 

.060 

35 839 

1463 

93 


•Hg = 0 90665 

bar Temp 

= t ‘C, 

Int icale 

P 

t 

1000 Ai 

-1000 Aj 

0065 

.37302 

1370 

83 

070 

38672 

1287 

72 

075 

39959 

1215 

63 

080 

41 174 

1152 

58 

085 

42326 

1094 

51 

090 

43 420 

1043 

46 

095 

44163 

997 


100 

45460 

1871 

140 

11 

47 331 

1731 

120 

12 

49 062 

1611 

103 

13 

50673 

1508 

90 

14 

52181 

1418 

78 

15 

53 599 

1340 

70 

16 

54939 

1270 

63 

17 

56 209 

1207 

55 

18 

57.416 

1152 

51 
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Table 249. — (Continued) 


p 


1000 A, 

-1000 A, 

P 

t 

1000 Aa 

-1000 A, 

0.19 

58.568 

1101 

46 

4.3 

145.538 

839 

15 

.20 

59669 

1055 

41 

4.4 

146 377 

824 

15 

.21 

60.724 

1014 

39 

4.5 

147.201 

809 

14 

.22 

61.738 

975 

36 

4.6 

148.010 

795 

13 

.23 

62 713 

939 

32 

47 

148.805 

782 

13 

.24 

63652 

907 

31 

4.8 

149.587 

769 

13 

.25 

64559 

876 


49 

150J56 

756 


.26 

65.435 

1671 

99 

50 

151.112 

1477 

45 

.28 

67.106 

1572 

86 

5J 
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1432 

41 

JO 

68678 

1486 

77 

54 

154 021 

1391 

40 

J2 

70.164 

1409 

68 

56 

155 412 

1351 

36 

.34 

71.573 

679 

61 

58 

156 763 

1315 

35 

.35 

72 252 

662 


60 

158078 

1280 

33 

.36 

72914 

1280 

56 

62 

159 358 

1247 

30 

.38 

74.194 

1224 


6.4 

160605 

1217 

29 

.40 

75418 

2849 

256 

6.6 

161.822 

1188 

27 

.45 

78J67 

2593 

208 

6J 

163 010 

1161 

27 

.50 

80 860 

2385 

176 

7.0 

164.171 

1134 

24 

.55 

83J45 

2209 

149 

72 

165.305 

1110 

24 

.60 

85454 

2060 

128 

74 

166415 

1086 

22 

.65 

87514 

1932 

112 

76 

167.501 

1064 

22 

.70 

89.446 

1820 

98 

78 

168 565 

1042 

20 

.75 

91266 

1722 

88 

80 

169607 

1022 

20 

80 

92988 

1634 

78 

82 

170629 

1002 

18 

85 

94622 

1556 

71 

84 

171 631 

984 

18 

.90 

96178 

1485 

61 

86 

172.615 

966 

18 

95 

97.663 

1424 


88 

173 581 

948 

16 

10 

99 087 

2677 

194 

9.0 

174529 

932 

16 

1.1 

101764 

2483 

166 

92 

175461 

916 

15 

12 

104247 

2317 

142 

9.4 

176 377 

901 

15 

1.3 

106 564 

2175 

125 

96 

177.278 

886 

14 

14 

108 739 

2050 

109 

98 

178164 

872 


15 

110 789 

1941 

98 

100 

179036 

2122 

79 

16 

112 730 

1843 

86 

10 5 

181 158 

2043 

72 

17 

114 573 

1757 

78 

11 0 

183201 

1971 

65 

18 

116 330 

1679 

71 

11 5 

185 172 

1906 

62 

19 

118009 

1608 

65 

120 

187.078 

1844 

57 

20 

119617 

1543 

58 

12 5 

188.922 

1787 

53 

21 

121 160 

1485 

SS 

13 0 

190 709 

1734 

49 

2.2 

122645 

1430 

49 

13 5 

192443 

1685 

47 

23 

124 075 

1381 

46 

14 0 

194 128 

1638 

44 

2.4 

125456 

1335 

44 

14 5 

195766 

1594 

40 

2.5 

126 791 

1291 

38 

15 0 

197360 

1554 

39 

26 

128 082 

1253 

38 

15 5 

198.914 

1515 

37 

2.7 

129 335 

1215 

35 

16 0 

200.429 

1478 

34 

2.8 

130550 

1180 

32 

16 5 

201907 

1444 

32 

29 

131 730 

1148 

31 

170 

203351 

1412 

32 

3.0 

132878 

1117 

29 

175 

204763 

1380 

29 

3.1 

133 995 

1088 

27 

180 

206143 

1351 

28 

32 

135.083 

1061 

25 

18.5 

207494 

1323 

27 

3.3 

136144 

1036 

24 

190 

208817 

1296 

26 

34 

137 180 

1012 

24 

19.5 

210.113 

1270 

24 

35 

138192 

988 

22 

200 

211383 

1246 

23 

36 

139180 

966 

21 

205 

212629 

1223 

22 

37 

140146 

945 

19 

21.0 

213 852 

1201 

22 

38 

141 091 

926 

20 

215 

215 053 

1179 

21 

39 

142017 

906 

17 

22 0 

216 232 

1158 

19 

40 

142923 

889 

17 

225 

217390 

1139 

19 

41 

143.812 

872 

18 

23.0 

218529 

1120 

19 

42 

144.684 

854 

15 

23.5 

219.649 

1101 

17 
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Table 249. — (Conlinued) 


p 


1000 Ai 

-1000 A. 

24.0 

220750 

1084 

17 

24.5 

221.834 

1067 

17 

250 

222.901 

1050 

IS 

25.5 

223 951 

1035 

IS 

26.0 

224986 

1020 

IS 

265 

226 006 

1005 

IS 

27.0 

227.011 

990 

13 

275 

228.001 

977 

13 

28.0 

228.978 

964 

14 

28.5 

229.942 

950 

12 

29.0 

230.892 

938 

12 

295 

231.830 

926 


300 

232 756 

1817 

45 

31 

234i73 

1772 

42 

32 

236 345 

1730 

.39 

33 

238 075 

1691 

38 

34 

239 766 

1653 

37 

35 

241.419 

1616 

33 

36 

243.035 

1583 

32 

37 

244618 

1551 

32 

38 

246 169 

1519 

29 

39 

247 688 

1490 

28 

40 

249 178 

1462 

28 

41 

250 640 

1434 

25 

42 

252074 

1409 

25 

43 

253 483 

1384 

24 

44 

254867 

1360 

23 

45 

256.227 

1337 

22 

46 

257 564 

1.315 

21 

47 

258879 

1294 

21 

48 

260 173 

1273 

19 

49 

261446 

1254 

20 

.50 

262 700 

1234 

17 

.51 

263 934 

1217 

19 

52 

265151 

1198 

16 

53 

266 349 

1182 

18 

54 

267531 

1164 

15 

55 

268695 

1149 

16 

56 

269 844 

1133 

14 

57 

270 977 

1119 

16 

58 

272096 

1103 

14 

59 

273199 

1089 

13 

60 

274.288 

1076 

14 

61 

275364 

1062 

1.3 

62 

276 426 

1049 

12 

63 

277 475 

1037 

I'l 

64 

278 512 

1023 

11 

65 

279535 

1012 

10 

66 

280 547 

1002 

13 

67 

281 549 

989 

11 

68 

282.538 

978 

11 

69 

283516 

967 

10 

70 

284483 

957 

10 

71 

285440 

947 

11 

72 

286 387 

936 

9 

73 

287323 

927 

10 

74 

288 250 

917 

9 

75 

289167 

908 

9 

76 

290 075 

899 

9 

77 

290974 

890 

9 


P 

t 

1000 A, - 

1000 A. 

78 

291.864 

881 

8 

79 

292.745 

873 

8 

80 

293618 

865 

9 

81 

294.48.3 

856 

8 

82 

295339 

848 

7 

83 

296.187 

841 

8 

84 

297.028 

833 

8 

85 

297 861 

825 

7 

86 

298 686 

818 

7 

87 

299 504 

811 

7 

88 

300 315 

804 

7 

89 

301.119 

797 

7 

90 

301 916 

790 

7 

91 

302 706 

783 

6 

92 

303 489 

777 

7 

93 

304 266 

770 

5 

94 

305 036 

765 

7 

95 

305 801 

758 

6 

96 

.306 559 

752 

6 

97 

307.311 

746 

6 

98 

.308 057 

740 

6 

99 

308797 

734 


100 

309 531 

145? 

22 

102 

310 98.3 

14.30 

21 

104 

.312413 

1409 

20 

106 

.313 822 

1.389 

20 

108 

315211 

1.369 

20 

110 

316 580 

1349 

18 

112 

317929 

13.31 

18 

114 

.319 260 

1.313 

18 

116 

320 573 

1295 

17 

118 

.321 868 

1278 

16 

120 

.323 146* 

1262 

17 

122 

.324 408 

1245 

15 

124 

.325 653 

12.30 

IS 

126 

.326 883 

1215 

15 

128 

.328 09h 

1200 

15 

1.30 

.329 298* 

1185 

14 

1.32 

.3.30.48.3 

1171 

13 

1.34 

.331 654 

1158 

14 

136 

3.32.812 

1144 

13 

1.38 

3.33956 

1131 

13 

140 

335087* 

1118 

12 

142 

.3.36 205 

1106 

1.3 

144 

.3.37311 

109.3 

11 

146 

338 404 

1082 

12 

148 

.339 486 

1070 

12 

150 

340 5.56* 

1058 

11 

152 

.341 614 

1047 

11 

154 

.342 661 

10.36 

10 

1.56 

.34.3 697 

1026 

11 

158 

.344 723 

1015 

11 

160 

.3457.38* 

1004 

9 

162 

346 742 

995 

11 

164 

.3477.37 

984 

9 

166 

348 721 

975 

10 

168 

349 696 

965 

9 

170 

350 661* 

956 

10 

172 

351 617 

946 

8 

174 

352 563 

938 

10 
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Table 249. — (Continued) 


p 

t 

1000 At 

-1000 a. 

p 

1 

1000 Ai - 

1000 4, 

176 

353 SOI 

928 

9 

202 

364914 

823 

8 

178 

354429 

919 

8 

204 

365 737 

815 

8 

180 

355348* 

911 

9 

206 

366 552 

807 

7 

182 

356259 

902 

8 

208 

.367359 

800 

8 

184 

357 161 

894 

8 

210 

368 159 

792 

6 

186 

358 055 

886 

9 

212 

368.951 

786 

9 

188 

358941 

877 

8 

214 

369 737 

777 

6 

190 

359818* 

869 

8 

216 

370514 

771 

8 

192 

360.687 

861 

8 

218 

371 285 

763 

8 

194 

361548 

853 

7 

220 

372048 

755 

8 

196 

362401 

846 

9 

222 

372 803 

747 


198 

36.3.247 

837 

7 

224 

373 550 

370 


200 

364 084* 

830 

7 

225 

373 920 



• These values agree with those published by W. Koch ”* m 1934, 

but differ 

from 

those he published earlier by amounts ranging* from 

-0 04 to -1-010 “C 



regarded as indicating that the subjecting of water to a hydrostatic tension 
decreases its vapor -pressure An effect of that kind is to be expected, but 
it seems probable that his observations are complicated by the phenomena 
considered in the preceding paragraphs. 

Solute, Effect of — The partial pressure of water-vapor m equilibrium 
with an aqueous solution is less than that m equilibrium with pure water 
at the same temperature (sec p 582) For dilute solutions the reduction 
in vapor-pressure is approximately proportional to the molecular concen- 
tration of the solution. 

Adsorbed Water, Effect of — I. R. McHaffic and S Lenher®*® have 
measured the amount of water-vapor adsorbed on glass and on platinum for 
each of a senes of associated temperatures and pressures, and have con- 
cluded that the equilibrium pressure is less than the vapor pressure of water 
unless the adsorbed layer is several hundred molecules thick, if on the glass, 
and several tens of molecules thick, if on platinum 

Formulas — Numerous formulas connecting the temperature and the 
vapor pressure of water have been proposed. The most satisfactory is the 
one (1) proposed by N. S. Osborne and C H Meyers*®® and shown by 
them to fit the available observations from — 5 “C to the critical point. 

logioP = A + y + ^ - 1) + (1) 

the unit of the saturation pressure (P) being 1 int. atm, the corresponding 
temperature being t °C (int. scale) and the other quantities liaving these 
values; T = i + 273 16, x = - K, y = 374 U - t, A = 5.4266514, 

B = - 2005 1, C = -h 1.3869 (10) D = -h 1.1965 (10)'“, K= + 

"•WMliburn, E. V/ , Int. Cnt Tablet. 3, 210-212 (1928) 

^ Ws8hbuni» E. W , Monthly Weathtr Rtv , S2> 488*490 (1924) 

Holbont, I.., Scbecl, K, and Henning, F, ''Warnictabdlen,*' Braunschweig, Vieweg & Sohn, 

Harrison, L P , Monthly H eoihtur Hev C2. 247-248 (1914^ 
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293700, E = - 0.0044, F = - 00057148. From (1). (2) is obtained. 
^ = f[- ^ — + 2C{10®*'(1 + 2Z?^=log.lO) - 1} - 

I EPyVi 10 ^,./. iog,loj logelO (2) 

Other recent formulas are those proposed by A Adamson,^®^ A Bats- 
chinski,J»® V. Fischer, P H. Hofbauer,!®® V. Kireeff,>“‘ and L. B 
Smith, F. G. Keyes, and H T. Gerry 

Certain other formulas constructed for use in interpolating between the 
directly observed precise values are given in the following tables. 


Density and Specific Volume of Saturated Water-vapor. 

The pressure, and consequently the density, of the vapor that is in 
equilibrium with water at a given temperature depends upon the form of 
the water surface and upon the presence or absence of a foreign gas 

(p 559+). 

Except where the contrary is stated, the following data refer to pure 
water-vapor in equilibrium with a flat surface of pure water 

C H Meyers has found that the specific volume (v*) of a saturated 
vapor may be calculated, from the vapor-pressure (/>) and an approximate 
value of the specific volume (v') of the liquid, by means of formula (3), 
pc being the critical pressure, and 4 an empirical constant characteristic of 
the liquid. It fails if p/pr >025 For water, A = 0651 

logio(l - pv*/RT) (1 - pt//RT) = A \ogw{p/2.7\^pc) (3) 

Other interpolation formulas of various types may be found in the sources 
mentioned in Table 250 


Table 250.— Specific Volume of Saturated Water-vapor 

(See also Table 241 ) 

The published values of the spieafic volume are here represented each 
by its defect (8) ; t c , by the amount by which it falls short of Ve*, defined 
by the formula = 4.555(273 1 + value of being 

obtained from Table 242 (except as noted) and 4 555 cm®atm/g'°K being 
the value accepted by the International Critical Tables for the gas-constant 
{R) of a gas of molecular weight 180154 (HsO). That is, Vc* is 
essentially the ideal specific volume for H.>0, the actual specific volume 

""Washburn, E. W . In* Cm Tahiti, J, 211-212 (1928) 

‘"Prytz K, Joar de Phyiigne (2), 3, 353-364 (1893), Math-fya Medd Danake Vtdenakah 
Selakdb, 11, No 2 (1931). 

“•Osborne, N S, Mech Eng, O, 116-117 (1933) 

r™ OslKjrne, Stimson, Flock and Ginninirs, Bnr Stand Rea, 10, 155-158 (RP523) (1933) 

™ Osborne, Stimson. and GinmnffS, J Rea Nat Bnr, Stand, 18, 389-448 (RP983) (1937). 

•“Moser, H, Ann d Phya {5), 14, 790-808 (1932) 

•"Koeb, W, Forach Gebtete Ingenienrw , 5, 257-259 (1934) 

•« Koch, W , Idem, 3, 1-10 (1932) 

•“Meyers, C H, Bar Stand J Rea, 11, 691-701 (RP616) (1933). 
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Table 230. — (Cottitnued) 

being v* = - 8 ; e.g., at 300 °C the O value for the specific volume is 

V* = 30.786 - 9.142 = 21.644 cmVg. 

Interpolation is facilitated by making use of the fact that the variation 
of 8 with the temperature is in genera! small. 

With the possible exception of HM, E, and C, each of these sets of 
data represents the result of an attempt to obtain the most accurate values 
that can be deduced from all available data. Tliat is, there is a mass of 
experimental data that is common to them all. 

The O values, communicated by Dr. Osbotne in May, 1938, are to be 
preferred. 

Unit of VC* and J = 1 cmVg Temp “ t “C (Int ecale) 


Source*-* 

0 

KSC 

JF H.M 

E 1ST 

g 

U 

WT 

c 

rcT 

• 

0 

V# “ 

206389 

103 

89 

79 

239 

79 

68 

1389 



10 

106S54 

139 

144 

114 


144* 

74 

654 



20 

57941 

109 

117 

101 


117 

68 

281 



30 

33005 

78 

83 

75 


83 

61 

125 



40 

19605 

60 

62 

60 


62 

54 

65 



SO 

12093 

48 

48 

48 

56 

48 

46 

43 



60 

7719 1 

41 

40.8 

42 


40 8 

41 

33 



70 

5082 0 

36 

35 7 

37 


35 7 

37 

32 



80 

3441 2 

32 6 

32 0 

33 


32 0 

32 8 

31 



90 

2390 3 

29 2 

28 8 

30 


28 8 

29.4 

29 



100 

1699 5 

26 4 

26 3 

27 4 

27 3 

- 26 3 

26 7 

29 


22 

no 

1234 2 

24 0 

24 1 

25 1 


24 1 

24 3 



26 

120 

913 85 

22 0 

22 20 

23.2 


22 20 

22 29 



24 0 

130 

688.76 

20 $ 

20 55 

21.5 


20 55 

20 54 



21 7 

140 

S27 63 

190 

19 10 

19 9 


19 10 

19 04 



19 5 

150 

410 26 

178 

17 80 

18 6 

17 68 

17 80 

17 72 



17 9 

160 

323 43 

16 6 

16 67 

17 3 


16 67 

16 58 



16 3 

170 

2S8 20 

IS 57 

IS 65 

16 2 


15 65 

15 56 



15 1 

180 

208 56 

14 7 

14 76 

15 3 


14 76 

14 68 



13 7 

190 

170 28 

13 92 

13 96 

144 


13 96 

13 89 




200 

140 42 

11 22 

11 24 

13 56 

13 07 

13 24 

13 19 


14 0 


210 

116 86 

12 59 

12 62 

12 84 


12 62 

12.56 




220 

98 091 

12 02 

12 021 

12 21 

11 89 

12 021 

11 99 




210 

82 991 

11 51 

11 508 

11 64 


11 508 

11 49 




240 

70 732 

11 05 

11 048 

11 14 


11048 

1103 




250 

60 697 

10 C>4 

10 636 

10 69 

10 572 

10 636 

10 63 


10 4! 


260 

52 416 

10 27 

10 267 

10 29 


10 267 

10 26 


9 90 


270 

45 532 

9 93 

9 919 

9 93 

9 924 

9 939 

9 92 


9 47 


280 

39 768 

9 63 

9 646 

9 62 


9 646 

9 626 


9 12 


290 

34 908 

9 377 

9 386 

9.35 


9 386 

9 358 


880 


300 

SQ7B6 

9 142 

9 161 

9 12 

9 192 

9 161 

9 120 


9 55 


no 

27 268 

8 952 

8 968 

8 913 

8 994 

8 968 



8 36 


120 

24 246 

8 794 

8 808 

8 751 

8 811 

8 808 



8 23 


130 

21 637 

8 669 

8 685 

8 627 

8 640 

8 685 



8 17 


140 

19 371 

a 591 

8 607 

8 556 

8 483 

8 607 



8 19 


110 

17 191 

8 58 

8 589 

8 554 


8 598 8 589 



8 13 


160 

15 648 

8 71 

8 664 

8 672 


8 688 8 685 



8 63 


16S 

14 852 

8 85 


8 817 


8 844 





166 

14 698 

8 90 









367 

14 546 

8 96 









168 

14 395 

9 02 









169 

14 246 

9 09 









170 

14 099 

9 17 

9 006 

9 11 


9 145 9 102 



9 25 


371 

13 953 

9 27 




9 192 





172 

11808 

9 41 

9 200 

9 33 


9 364 9 310 





173 

13 665 

9 61 




9 483 





374 

13 522 

10 05 

9 829 



9 892 9 874 



9 73 

11 0» 

174 11 13 506 


10 308 








374 IS 13 500 

10 4 









374 23 13 S10« 




10 444 





375 

13 274 








9 77 


377 

12 924 








9 59 


380 

12 274 








9 44 


380 5 11.984 








940 
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* Sources ; 
c 

E 


HM 

ICT 


Table 2S<i.—(ConHMued) 

Callendar, H L, Proc. Inst Meek Eng, 1129, S07-S27 (1929) 

Eck, H., Ber. Tatigkett Phyt-Teekn Reickt mi 1936, p 32-*Pkynk Z, 38, 2S6 
(1937) 

Uavlicek, J, and Miikovak^, L, Helv Pkyt Acta, I, 161-207 (1936) 

Int Crti, Tables, 3, 234 (1928) Compilation by Keyea, F G, bated on work of 
Knoblauch, O , Linde, R , and Kldie, H , Farsek, Cebtete Ingentenrw, 2), 33-55 
(1903), which acrees closely with WT, but with consideration of data by Battdii, A , 
Ann ehnn et phys (6), U, 394-425 (1892), (7). 3, 408-431 (1894), Oieterici, C, 
Ann d Pkyt (Wtea ), 38, 1-26 (1889), and I'erot, A., Ann chtm et pkyt (6), 
13, 145-190 (1888). 


1ST International Skeleton Steam Table, 1934, see Table 260 

JF Jakob, M, and Fritz, W, Pkystk Z, 36, 651-659 (1935) Superseding Jakob, M, 

Forsch Oeb Ing , 310, 9-19 (1928), and Jakob, M, and Fritz, W, Z ver, amis 
Ing, 73, 629-636 (1929), Teckn Meek Tkermodynam , 1, 173-183, 236-240 (1930), 
Forsch Grbute Ingentenrv) , 4, 29S-299 (1933) 

Keyea, F G, Smith, L B , and Gerry, H T, Proc Amer Acad Arts Set, 70, 319- 
364 (1935) Superseding Smith, L. B, and Keyea, F G, Meek Eng, 54, 123-124 
(1932) 

Meyers, C H , Private communication, values computed by means of formula (3) 
Osborne, N. S , Private communication. May, 1938 These values supersede all 
others previously published by Osborne and hts associates, in particular they extend 
to lower temiieratures the table by Osborne, Stimson, and Ginnmgs, J Res, Nat Bar. 
Stand, 18, 389-448 (RP983) (1937) and agree with that table for «> llO'C 
Holhorn, 1. , Scheel^ K , and Henning, F , '*Warmetabellen,'* 1919 

‘From compilation by A F. O Germann and S F Pickering™ 

’ The critical pressure published by Eck (22S Si kg*/cni* = 218 26 atm) was used 
III the computing of this value 

'Callendar’s value for P... was used in the computing of this value 


KSG 


M 

O 


WT 


Table 251. — Density of Saturated Water-vapor 

To obtain the density of saturated water-vapor, take the reciprocal of the 
specific volume as given in Table 250, using the particular value of 8 that 
seems most appropriate The values given in this table were so obtained 
from the O senes, and will serve to indicate the order of magnitude to be 
expected. 



Gmt of g 

= 1 g 

per cm* Temp. = 

IT 


t 

0 

t 

g 

t 

g 

0 

0 0000048476 

80 

0 000293.38 

250 

0019976 

10 

0 0000093972 

100 

00005977 

300 

0 04620 

20 

0 0000172912 

120 

0 0011213 

350 

01135 

30 

0 000030370 

140 

0 001966 

.360 

01441 

40 

0000051164 

160 

0 003259 

370 

0203 

SO 

000008302 

180 

0005158 

374 

0267 

60 

0 00013024 

200 

0 007862 

374 15 

032 


Table 252. — Density of Water-vapor Saturated in the Presence 
of a Foreign Inert Gas 

In the first section of the talile, under the title "Ideal case,” are given 
values of p'/po computed by means of the formula log«(p7po) =P'IRT, 
They are the values that would be obtained were water-vapor an ideal gas, 
water incompressible and of unit density, and the inert ideal gas insoluble. 
Departures from these ideal conditions will reduce (see p. 560-1- ) the value 
of p'/po, but the effect will lie small in all cases covered by this table. In 
no case will p' be less than po- These values may serve as a norm against 

*** Germaiia* A. F. O ■ and Pickerinir, S F t Cr%t Tahtes, 3, 248 (1928). 
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Table 252. — (Continued) 

which to compare the experimental data given in Section II. Marked 
discrepancies exist. 

Pertinent data published by I. R McHaffie exhibit strange and 
unexplained variations with the pressure; they are not included in this 
table. 

For the moisture content of the gas phase in equilibrium with aqueous 
solutions of NHs, see Table 233. 

p' = mass of water-vapor per liter of actual gas phase ; po = value of p' 
when no gas except water-vapor is present (its value for any temperature 
may be found from Table 250) ; P' = partial pressure of the inert gas , 
P (or = total pressure (gas -h vapor) corresponding to p'. 


Unit of J* and P* = 1 atm « 1 03323 kjE*/cm*, of > ” 1 k^/cm», of / and po “ 3 “(f water-vapor 
per liter of actual gas phase ^emp ^ f 

I. Ideal case (see heading of table) 


>-* 

p» 

25 

37 5 

SO 

100 

/Of> — 

ISO 

200 

230 

‘ f 








10 

1007 

1007 

1007 

1 006 

1005 

1 005 

1004 

so 

1 038 

1 036 

1036 

1030 

1 026 

1 023 

1 022 

100 

1 076 

1073 

1070 

1061 

1053 

1048 

1045 

ISO 

1 117 

1 112 

1107 

1092 

1081 

1072 

1068 

200 

1 1S9 

1 152 

1 146 

1 125 

1 109 

1097 

1091 

300 

1247 

1 2.36 

1226 

1193 

1 168 

1 149 

1 140 

400 

1 343 

1327 

1.312 

1265 

1 231 

1204 

1 191 

500 

1445 

1424 

1405 

1 .342 

1 296 

1 261 

1244 

600 

1 S56 

1528 

1 503 

142.3 

1365 

U21 

1 299 

700 

1675 

1640 

1609 

1510 

1438 

1384 

1357 

800 

1 803 

1.760 

1722 

1601 

1 515 

1 450 

1.418 

900 

1940 

1 889 

184.3 

1698 

1595 

1 518 

1481 

1000 

2089 

2028 

1 973 

1 801 

1680 

1590 

1547 

II Experimental values 











tXT r' a 


H, 

N* 


- m. + N, - 

' s 



»-* 

so 

so 

50 

17 5 

2S 

t-* 

100 

p 






p 








r 

P ipn 

100 

’ 1076 

1284 

1 130 

1135 

1 164 

25 

1 018 

200 

1 1.53 

1 .551 

1 245 

1 255 

1 337 

50 

1 04 

300 

1 206 

1 700 

1 .315 

1 345 

1 475 

100 

109 

400 

1 242 

1 79.3 

1 .368 

1 422 

1 585 

200 

1 19 

.SOO 

1276 

1876 

1 425 

1 481 

1662 

400 

140 

600 

1308 

1947 

1 470 

1 5.30 

1728 

600 

1 66 

700 

1 341 

1989 

1 506 

1 570 

1 789 

800 

197 

800 

1 .365 

2021 

1 540 

1 598 

1 831 

1000 

235 

900 

1 .399 

2 044 

1 567 

1616 

1875 



1000 

1431 

2 053 

1 582 

1 643 

1 909 



F Pollitaer and E Strebel 

• 





(fas'-* 

H* 

e — . 

Atr« 



i r\ 



49 9 

70 1 

49 9 70 1 f-i 

. 49 9 

1 Uj 

70 1 

P 


p'/H) ■ 


P 


P 

P'/Po 

10 


1026 1011 1024 400 1 747 

30 5 

1421 

so 

0996 

1011 1 121 1 121 55 5 2 228 

39 

1 580 

100 

1.115 

1060 1.258 1.243 59 0 2 597 

524 

1929 

150 

1252 

1 154 1 395 1 364 87 0 4 404 




UcHaffie. I R , P«t/ Uag (7), 3, 497-510 <1927) 
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Table 252. — (Conlinucd) 


A W. Saddington and N W Krase* 


/- 

« 

Id 

^ pVpo ' 

/’■ — 

i 

P* 

p’/pt. 

t 


p'/Po 

50 

1236 

•1489 

50 

1463 

1763 

50 

1975 

2 038 

80 

3817 

1302 

85 

5116 

1447 

75 

4607 

1.904 

100 

6474 

1083 

ISO 

2960. 

1 162 

100 

9126 

1527 

150 

2710 

1064 

190 

7550 

1 180 

115 

1450. 

1503 

190 

5880 

0919 

225 

14840. 

1163 

145 

3240 

1445 


230 13300 0 951 165 5320. 1449 

230 16400. 1 172 


* References : 

Bartlett, E P, / Am Chem Soe . «. 65-78 (1927), PoIIilzer, F. and StrebrI, E, 
Z phy^tk Chem, 110, 768-785 (1924), Saddmgton, A W, and Krase, N W, 2 Am 
Chem Soc, 56, 353-361 (1934) 

WG Wiebe, R, and Gaddy, V L, Idem, 56, 76-79 (1934) 

* Data discussed by J J van Laar 

* Interpolation by the compiler 


Saturated Liquid 

Boiling Point. 

The boiling point of a liquid is the temperature at which the vapor- 
pressure of the liquid is equal to the pressure to which the liquid is sub- 
jected. It is commonly said to be the temperature of the liquid when it is 
steadily boiling in such a manner that it is thoroughly intermixed with 
bubbles of vapor. If the rate of heating is low, if the temperature is 
measured at a point far from the surface through which the heat is sup- 
plied, and if the mixing is ideal and tlie thermometer is suitably screened 
from radiation, then the temperature of the boiling liquid approaches closely 
to the boiling point as defined in the first sentence, and may coincide with 
it But under other conditions the temperature of the boiling liquid lies 
above the true boiling point The temperature indicated by a suitably 
screened thermometer immersed in the vapor above the boiling liquid is 
that at which the vapor at the existing pressure is m equilibrium with the 
condensed vapor ; it is not the same as the boiling point unless the com- 
position of the condensed vapor is the same as tliat of the boiling liquid.^®® 

Unless — owing to the presence of nuclei, of submerged solids that are 
poorly wetted by the liquid and have uneven surfaces penetrated by cavities, 
or to some other cause — there are in the interior of the liquid free spaces 
in which the vapor can collect, the liquid can be raised considerably above 
the boiling point before boiling begins, especially if protected from shocks 
of all kinds.* F. Donny heated air-free water under a pressure of only 
a few centimeters of mercury to 135 "C without its boiling. At that tem- 


• Since this was written, an important paper by J Aitken,“* expressing these same 
general views, has come to the compiler’s attention 
‘"van Laar, J J, Z physit Chem (A), 145, 207-219 (1929) 

'"Jakob, M, and Fnta, W, Forseh Gelnete ingenteteru) , 2, 415-447 (1931) 

•“Cf SchrdieT, K, Z techn Phynk, 9, 277-285 (1928). 

"'Altken, J, Trans Roy Scottish Soc Arts, f, 240-287 (1875) 

•“Donny, f . Ann de chim et phys (3), It 167-190 (1846) = Ann d Phys (Pogg ), *7, S62- 
584 ilhtS) *- Bruxelles Mdm Couron , 17, (1843-1844). 
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Table 253. — Boiling Points of Water 

(Osborne and Meyers) 

These values, computed by means of formula (1), are believed to be 
the best avmlable. Others are compared with these in T4ble 254. 

Each of these values (the temperature at which the saturated vapor 
exerts the indicated pressure) is the boiling point of water when subjected 
to the corresponding pressure p exerted by an overlying inert gas when the 
conditions are such that the boiling has removed from the water all of the 
previously dissolved gas, and has blanketed the surface of the water with 
a layer of its own pure vapor. Under other conditions the temperature 
is somewhat less, lying between this value and that defined by the formula 
given in the head-matter of Table 245. 

Examples : The boiling point when p = 590 mm-Hg is 93.058 °C , when 
p = 614 mm-Hg it is 94 1319 °C. 


Unit ot p (= + W = 1 mm-Hg = 1 33322 miUiban Trmp. = (t, -h *,) "C, Int scale 




0 

1 

2 

3 

4 5 

6 

7 

8 

9 

500 

88 

678 

730 

782 

834 

886 

938 

990 

1042 

1093 

1144 

310 

89 

196 

247 

298 

350 

401 

452 

502 

553 

604 

655 

520 

89 

705 

756 

806 

856 

907 

957 

1007 

1057 

1107 

1157 

330 

90 

206 

256 

306 

35S 

405 

454 

503 

553 

602 

651 

540 

90 

700 

749 

798 

846 

895 

944 

992 

1041 

1089 

1138 

350 

91 

186 

234 

282 

330 

378 

426 

474 

521 

569 

617 

560 

91 

664 

712 

759 

806 

8S4 

901 

948 

995 

1042 

1089 

370 

92 

136 

182 

229 

276 

322 

369 

415 

462 

$08 

554 

580 

92 

600 

646 

692 

738 

784 

830 

876 

922 

967 

1013 

590 

93 

58 

104 

149 

195 

240 

285 

330 

375 

420 

465 

600 

93 

510 0 

554 8 

599 6 

644 3 

688 9 

713 5 

778 0 

822 4 

866 8 

911 2 

610 

93 

955 4 

999 6 

1043 8 

1087 9 

1131 9 

1175 9 

1219 8 

1263 6 

1307 4 

1351 1 

620 

94 

394 8 

438 4 

482 0 

525 5 

$68 9 

612 3 

655 6 

698 9 

742 1 

785 2 

630 

94 

828 3 

871 3 

914 3 

957 2 

1000 1 

1042 9 

1085 7 

1128 4 

1171 0 

1213 6 

640 

95 

256 3 

298 7 

341 1 

383.4 

425 7 

468 0 

510 2 

552 3 

594 4 

636 5 

650 

95 

678 5 

730 4 

762 3 

8041 

845 9 

887 6 

929 3 

970 9 

1012 5 

1053 9 

660 

96 

95 4 

136 8 

178 2 

219 5 

260 7 

301 9 

343 1 

384 2 

425 2 

466 2 

670 

96 

507 2 

548 0 

588 9 

629 7 

670 4 

711 1 

751 7 

792 3 

812 9 

873 4 

680 

96 

9t3 6 

954 2 

994 6 

1034.9 

1075 1 

1115 3 

1155.5 

1195 6 

1235 6 

1275 6 

690 

97 

315 6 

355 5 

395 4 

435 2 

474 9 

5146 

554 1 

593 9 

633 5 

673 0 

700 

97 

712 5 

751 9 

791 3 

830 7 

870 0 

909 2 

948 4 

987 6 

1026 7 

1065 7 

710 

98 

104 8 

143 7 

182 7 

2216 

260 4 

299 2 

337 9 

376 6 

415 3 

453 9 

720 

98 

492 5 

531 0 

569 5 

607 9 

646 3 

684 6 

722 9 

761 2 

799 4 

837 6 

710 

98 

875 7 

913 8 

951 9 

989 9 

1027 8 

1065 7 

1103 6 

1141 4 

1179 2 

1217 0 

740 

99 

254 7 

292 4 

330 0 

167 5 

405 t 

442 6 

480 0 

517 4 

554 6 

592 1 

750 

99 

629 4 

666 7 

703 9 

7410 

778 1 

815 2 

852 3 

8B9 3 

926 2 

963 1 

760 

100 

0 

36 8 

73 6 

110 4 

147 1 

183 8 

220 4 

257 0 

293 6 

3301 

770 

100 

366 6 

403 0 

439 4 

475 8 

512 1 

548 4 

584 6 

620 8 

657 0 

693 2 

780 

100 

729 3 

765 3 

801 3 

837 3 

871 3 

909 2 

945 0 

980 8 

1016 6 

1052 4 

790 

101 

881 

123 8 

159 4 

195 0 

230 6 

266 1 

301 6 

337 1 

372 5 

407 9 


Table 254. — Comparison of Values for the Boiling Points of Water 

The preferred value is fou taken from Table 253; each of the other 
values may be obtained by adding to hu the corresponding value of 8/1000. 
For example, the value given by C(V) for the boiling point when p = 660 
mm-Hg is 96.095 - 0013 = 96082 °C 

C. S. Cragoe has recommended that, in the absence of more accurate 
data, the excess, At = f' — f, of the boiling pioint (f') under pressure p 
above that (f) under the pressure (A) of one normal atm be computed 

»*H«irick, F B, Gilbert, C. S, end Wiamer, K I., / Phys'l CHem, 2S, 1297-1304 (1924) 
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Table 254. — ( Continued} 

means of the formula <f>At = (273 1 + t') logio(f>/A) in which for a 
given substance varies but slowly with P, and for any one of the 8 groups, 
into which he finds all substances for which data are available may be 
assorted, ^ varies linearly with the temperature of the normal boiling point. 
For water at 100 °C, ^ = 579; it is with this value that the data in 
column C have been computed. 

Other formulas proposed for water may be put in the form f — 100 = 
otr + 6ir* + cir® + dv* where tt = (p — 760)/1000, the pressure being 
p mm-Hg. Certain of these are included in this table, the values of the 
coefficients and of the limiting pressures being given at the foot of the 
appropriate column Numerous other formulas of the same type have been 
proposed ; some of the more recent ones may be found in papers by L B 
Smith, F. G Keyes, and H. T. Gerry,’*®** J A. Beattie and B. E. Blais- 
dell,’**® and W. Swigtoslawski and E R Smith.’*® 

Unit of ^ = 1 mtn-Hf » 1 33322 millifaart, of 3 = 0 001 *C, of «oii “ 1 'C (Int scjIc) 
Reference* Mo C(V) /B WT Mu HII B C 


P ‘OM 


sso 

91 186 


-34 


■ f 5 


•43 


-19 

.560 

91.664 


-32 


+5 


+ 1 


-23 

580 

92600 


-29 


+6 


-41 


-10 

600 

93 510 


-25 


• K 5 


0 


-10 

620 

94395 


-21 


+ 5 


0 


-9 

640 

95 256 


-17 


+4 


0 


-2 

660 

96095 


-13 


+4 

(+ 5 ) 

-41 


-1 

680 

96914 

-4 

-10 

-5 

+2 

- 4-3 

-43 

-410 

-1 

690 

97316 

-5 

-9 

-6 

•42 

-1 2 

+ 1 

-49 

0 

700 

97712 

-3 

-6 

-5 

-43 

-4 3 

-42 

-49 

0 

710 

98.105 

-3 

-6 

-5 

+2 

- f 3 

0 

-47 

0 

720 

98492 

-2 

-4 

-4 

-42 

-43 

-I 

-46 

0 

730 

98 876 

-2 

-4 

-4 

-fl 

-42 

-1 

-44 

0 

740 

99255 

-1 

-3 

-3 

■4 1 

-42 

-1 

•43 

0 

750 

99629 

0 

-1 

-1 

- 4-1 

-42 

-41 

-42 

0 

760 

100 000 

0 

0 

0 

0 

0 

0 

0 

0 

770 

100367 

0 

+ 1 

- 1-1 

-1 

-2 

0 

-2 

0 

780 

100729 

0 

- f 3 

- 1-2 

-1 

-4 

-I 2 

-3 

-1 

790 

101088 

(- 2 ) 

+4 

- f -3 

-1 

(- 8 ) 

-41 

-5 

-1 

a 


36 87 

36 970 

36971 


36 7 


.36697 


h 


-22 00 

-19795 

-30263 


-23 0 


-20459 


c 


0 

22 83 

6695 


0 


1639 


d 


0 

0 

0 


0 


-143 




690 

560 

683 


680 


680 




780 

820 

832 


780 


800 



‘ References 

B Broch, O J. Trav et Mitn Bur Int Folds et Mes , 1, A43-A48 (1881). 

C CraEoe. C« S 

C(V) Volet, C., Trm et Mim Bur Int Folds et Met, 18, fl930) (Formula waa fitted 
to P Chapnuia’ observations, of which some bad not been published before.) 

HH HoIIiom, L. and Henning, F, Ann d Fhys (4). 26, 833-881 (1908) 


«*Hoyt, C S, and Fink, C L, 7 Fhvs'l Clicm . 41, 453-456 (1937) 

>**Roaanoff, M A, and Dunphy, R A, / Am Chem Soe , 36, 1411-1418 (1914). 
"•Ciagoe, C. S, fiut Cr»t Tables, 3, 246-247 (1928). 
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Mo 

Hu 


WT 

ZB 


Table 354< — (Continued) 

Moser, H , Idm (Si. 14, 790-808 (1932) 

Formula given by Mueller, £. F, in Int Cnt Tables, 1, 53 (1926) and recom- 
mended by the International Bureau of Weights and Heasures m 1927 in connec- 
tion with the International Temperature Scale See* C 7t its Septtimt Coat 
Gia Potis et Mes.Ulf, 56-58, 94-99 (1928) Burgess, G. K, Bur. Stand J 
Res . 1, 635-640 (RP22) (1928) 

Derived from Table 245, from "Warmetabellen.” 

Zmacaynski, A , and Bonhoure, A , Compt rend , 189, 1069-1070 (1929) *- Soar 
de Phyt (T), 1, 285-291 (1930) 


peratiire the vapor-pressure of water is over 3 atm- The initiation of 
boiling under such conditions results in an explosion of the entire volume 
of water, F. B, Kennck, C S. Gilbert, and K, L Wismer report that 
they have heated water in a capillary tube and at atmospheric pressure 
to 270 "C. 

Likewise, in the absence of condensation nuclei, a vapor can be cooled, 
without condensation, below the temperature corresponding to equilibrium 
between it and its liquid (sec p 633). 

Effect of a Solute — The Ixiiling point of a solution exceeds that of the 
pure solvent by an amount A, and we may write A = nE, where n is the 
number of effective gram-molecules contributed by the solute per kilogram 
of the solvent E is characteristic of the solvent but independent of the 
nature of the solute if that is not significantly volatile at the boiling point , 
it varies with the concentration, and its limiting value (£o) as n approaches 
zero is frequently called the ebulhoscopic constant of the solvent If the 
solute is neither associated nor dissociated, and does not affect the molecular 
aggregation of the solvent, then n= iOOOm/FlV^N, where m is the 
mass of the solute dissolved in the mass IV of the solvent, and F is the 
molecular weight of the solute. If each molecule of the solute is dissociated 
into two parts, and if the solvent is not affected, then n = 2N-, and similarly 
in other cases. The value of Eo is /?Af„r®/1000L, where R is the gas- 
constant ( =8 315 joules/g-molc-°K), = molecular weight of the vapor 
of the solvent, T °K = absolute temperature of the boiling point of the 
solution, and L = latent heat of vaporization of the pure solvent at T “K 
{R and L must refer to the same unit of mass ) For very dilute aqueous 
solutions, T = 373 1 "K. L = 22566 j/g, and Eo for water is 8 3I5Afa, X 
(373 l)V1000(22566Af„) = 0S13°C per (effective g-mole of solute per 
kg of ssater). Experimental data agree with this value as well as one 
should expect. 

(C S Hoyt and C L Fink state that the best values now in use for 
the ebulhoscopic constants are those published by M A Rosanoff and 
R. A Dunphy ’** Those authors, using r* = 1 651 liters/gram for the 
specific volume of water-vapor saturated at 100 "C, obtained Eo = 0 518 
for water. But the best value of now available is 1 673 (see Table 250) ; 
had they used that, retaining the same values as before for the other con- 

Smith, I. B , Ke>«. F G , md Gerry, H T , Proe Amer And Arts Sc , , 69, 137-168 
(1934). 

Brattle, J A, and BUisdHl, B £., /dem, Tt, 361-374 (1937). 

M £wi«t 08 lawiki, W, and Smith. E. S. /. Rwj Nat Bnr Stand., 20. 549-553 (RB1088) (1938) 



88. SATURATED WATER AND STEAM; P-V-T 


583 


stants, they would have found Eo = 0511. Hoyt and Fink, using R = 
1.976 X 4.18S = 8.270 joules/g-moIe °K, obtained £o = 0.510 for water. 
Had thqr used the value {R = 8.315) adopted by the International Critical 
Tables, and used in this compilation, retaining the other constants 
unchanged, they would have found £© = 0.513.) 

Density and Specific Volume of Saturated Water. 

The best published extended series of values of the specific volume of 
saturated water is that contained in the International Skeleton Steam 


Table 255. — Specific Volume of Saturated Water 
(See also Table 241.) 

The preferred values (v*) are given in full, adjacent to the /-column; 
for other values merely the excess (8) of each above the preferred value is 
given, the unit of 8 being that of the last place in the tabulated value of v*. 
For example, the ICT value for 120 °C is 1.0603 — 0.0011 = 1.0592; and 
Eck’s value at the critical point is 3 1 — 0.034 = 3.066. The difference 
between the significance of the decimal points (in the 8 values and in the 
V* values) should be remembered. 

The pressure is always that of the saturated vapor. 

Unit of V* = 1 CB^/g; of = 1 unit m the la^t tabulated place m v* » of p “ 1 kg*/cm* 
Temp = I *0 (Jnt scale) 

I Temperature given. 


Source*-^ 1ST 

SK 


1ST = SK 

ICT 


OSG 

Eck 

1ST 

t 

V* 

t 

t 


6 

t 

w* 

. «• 

'■ ■■ 

0 

100021 

+2 

100 

10435 

-1 

330 

1562 


-01 

10 

100035 

+21 

no 

10515 

-5 

340 

1640 


+08 

20 

100184 

+20 

120 

10603 

-11 

350 

1.741 

+4 

+5.8 

30 

100442 

+ 11 

130 

10697 

-17 

3S5 

1.808 

+2 


40 

1 00789 

+2 

140 

10798 

-22 

360 

1 494 

0 

+ 126 

SO 

10121 

0 

150 

10906 

-25 

365 

2016 

-2 


60 

10171 

-1 

160 

11021 

-24 

366 

2048 



70 

1 0228 

-2 

170 

1 1144 

-20 

367 

2 083 



RO 

1 0290 

-1 

180 

1 1275 

-13 

368 

2124 



90 

1 0359 

-1 

190 

1 1415 

-5 

369 

2170 



100 

1 0435 

-1 

200 

1 1.565 

+4 

370 

2 225 

-14 

+6 




210 

1 1726 

+ 13 

371 

2293 


+4 




220 

11900 

+19 

372 

238 

-33 

+01 




230 

12087 

+13 

373 

2 51 


-08 




240 

1 2291 

+ 1* 

374 

280 

-ISO 

-1 




250 

12512 

+0» 

37415 

3.1 

-0 34* 





260 

12755 

•” le 








270 

1 3023 

-5. 








280 

13321 









290 

13655 









300 

14036 









310 

14475 









320 

14992 






II. 

Pressure 

given 

S* 








p 

so 


100 

150 


200 

225 



1 286 


1 451 

1 649 


1.990 

3 060 
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• Sources : 


Table 255. — (Continued) 


Eck 

ICT 

1ST 

OSG 


Eck, H. Ber TattgUtl Phyi-leehn Retclu. in 19 J6, p. 32-*F^nk. Z, 31, 256 
(1937). 

Int Cnt Tables, 3, 234 (1928) Compiled by Keyes, F. G , and based on the data 
of Hirn, C. A. Ann. Chtm. st Pkps (4), 10, 32-92 (1867), Ramsay, W, and 
Youna, S, Phi Trans (A), U3, 107-130 (1892), and Waterston, J J., Phil 
Mag (41. 26, 116-134 (1863). 

International Skeleton Steam Table, 1934 (see Table 260). The values below 
100 have been derived from tbe Chappuis and the Thiesen values (see teat) , 
those for t = 100 to 360 *C are the same as tbe SK values 

Osborne, N. S., Stimson, H F , and Ginnings, D C , 7 Res Nat Bur Stand , 
II, 389-448 (RP983) (1937), confirmed by Osborne in Uay, 1938. 


S Scblegel, E, Z. teehn Pkys , 14. lOS-107 (1933) 

SK Smith, L B,, and Keyes, F G This paper supersedes that of Keyes and 
Smith,"* and of Smith and Keyes, If eck. Bug, 55, 114-116 (1933). 

* This is for Eck’s value at the critical point, which he places at 374.23 °C In 
their compilation’** A. F. O. Germann and S F. Pickering give 25 for the critical 
volume; and by extrapolation Keyes and Smith’** found 3086 cm*/g. 


Table of 1934,*®^ given in Table 260 For temperatures below 100 °C they 
have been derived from the determinations at one atm by Chappuis and by 
Thiesen (see Table 93) by applying a suitable correction for the isothermal 
compression from saturation to a pressure of one atm, and by changing 
the unit of volume from 1 ml to 1 cm®. From 100 to 360 “C they are 
identical with those of the extended table published by L. B Smith and 
F, G Keyes, except for a roundmg off to a smaller number of digits. 
The Smith and Keyes table was computed by means of an empirical for- 
mula (4) fitted to their observations aliove 100 "C and taking into con- 
sideration known values for lower temperatures. 

r* = [v, -I- a(ta - + b(t, - f) -t- -h d(fc - 0*'® + 

- <)] cm«/g (4) 

where v, = 3 197500, = 374.11 °C, a =- 0.3151548, &= -0.001203374, 

c = -f 7.48908/10*®, d = -f 0.1342489, e = - 0.003946263. 

For temperatures above 330 °C the slightly different values given by 
Osborne, Stimson, and Ginnings (1937, OSG of Table 255) are to be 
preferred. 

For the density take the reciprocal of the specific volume. 

89. Thermal Energies of Saturated Water and Saturated Steam 

In this section are given values of the enthalpy (heat content) and of the 
entropy of both saturated water and saturated steam, and the specific heat 
of steam continuously saturated. The quantity frequently called the 
specific heat at saturation really refers to tlie unsaturated state, being merely 
the limit approached by the specific heat of the unsaturated phase as the 
temperature approaches that of saturation. Its values are not given here, 

See Meek Bug , 57, 710-713 (1935). 

i"* Smith, L B. and Keyes, !• G , Proe Amtr Acad. Arts Set, 69 , 285-314 (1934) 

Eng, St, 92-94 (1934). 

IS* Gennaiin, A F O , and Fickeriiig, S F., tnt frit Tables, 3, 248 (1928) 

•••Keyei, F. G. and Smith. L B. Meek. Eng., S3, 132-135 (1931). 



S9. SATURATION THERMAL ENERGY 


585 


but will be found in the correspondnig sections treating of the unsaturated 
pliases. 

For a recent review of the experimental data, see E. F. Fiock.*®^ 

Table 256. — Enthalpy of Saturated Water and of Saturated Steam 

The OSG values to to be preferred. They are given directly, tlie others 
by the amounts (A//) by which they exceed the corresponding OSG values. 
Example The value given by KSG for the saturated vapor at 0 "C is 
250000 + 1.86 = 2501.86. 

H is the excess of the enthalpy (£ + pv) above its value for saturated 
water at 0 °C. Subscripts / and v indicate that the value refers to the liquid 
and to the vapor, respectively. 

Unit of H and Mi = 1 Int joule/ff. Temp **0 (Int acale) 

Values adopted for International Skeleton Steam Tables, 1934, are given in Table 260 


Liquid ' ■ ■ s / ■ — Vapor 


Ref •-< 

OSG 

0 

K 

TS 

Sch 

C 

OSG 

0 

KSG UM 

K 

C 














0 

0000 

0 

000 

000 

00 

OOD 

2500 00 

0 

+186 

+03 



10 

42 028 

0 



+01 


2518 50 

0 

+161 




20 

63 833 

0 

-0 03 

- 0 16 

+01 


2536 81 

0 

+ 143 




30 

125 675 

0 



00 


2554 97 

0 

+130 




40 

167 454 

0 

-0 09 

-0 01 

-0 4 


2572 99 

0 

+1 18 




so 

209.247 

0 

-0 16 


-02 


2590 83 

0 

+103 

-09 



60 

251 072 

0 

-020 

+0 09 

-0 3 


2608 44 

0 

+083 




70 

292 943 

0 



-02 


2625 77 

0 

+0 62 




80 

334 877 

0 

-029 

000 

-0 3 


2642 75 

0 

+0 58 




so 

376 893 

0 



-04 


2658.31 

0 

+0 18 




100 

418 76 

0 25 

-0 16 

-0 16 

00 


2675 42 

-014 

-0 17 

-19 



no 

460 99 

026 



00 


2690 85 

+005 

-020 




120 

503 34 

0 31 

-0 2 

+0 24 

00 


2705 56 

+022 

-023 




130 

545 94 

029 



06 


2719 62 

+0 28 

-032 




140 

588 73 

029 

-0 2 

+0 45 

01 


2732 95 

-1 029 

-045 




150 

631 76 

fl.10 

-01 


01 


2745 49 

n 0 30 

-0 65 

-0 7 



160 

675 07 

030 

+01 

+ 076 

-01 


2757 18 

+0 31 

-094 




170 

718 69 

0 31 



-01 


2767 87 

+0 31 

-128 




180 

762 68 

032 

00 

+0 76 

-0 6 


2777 29 

+0 31 

-148 




190 

807 07 

032 



-0 6 


2785 35 

+0 32 

-1 S4 




200 

851 91 

0 33 

+0 8 

+014 

-14 

+0 5 

2791 99 

+ 0 33 

-151 

+0 9 


10 6 

2t0 

897 27 

0 33 



-2 0 

08 

2797 11 

4 0 33 

-1 46 



12 7 

220 

943 21 

0 33 

+0 8 

-0 32 

-2 7 

13 

2800 62 

+0 32 

-140 

+2 3 


14 2 

230 

989 80 

032 



-3 6 

16 

2802 38 

+012 

-125 



16 6 

240 

103713 

032 

+02 

-0 77 

-6 1 

20 

2802 25 

+0 33 

-1 14 



17 6 

250 

1085 30 

032 

+01 


-8 

24 

2800 07 

+ 0 33 

-107 

+3 3 


19 1 

2£0 

113444 

032 

00 

-0 88 

-10 

27 

2795 61 

+013 

-103 



21 7 

270 

1184 69 

033 

-0 5 


-11 

35 

2788 61 

+0 32 

-104 

+2 2 


23 7 

280 

1236 25 

a32 

"1 4 

-12 75 

-18 

42 

2778 72 

4 0 31 

-109 



252 

290 

1289 15 

0 33 



-21 

48 

2765 52 

+032 

-1 19 



275 

300 

1344 29 

032 

-18 

+4 41 

-29 

55 

2748 38 

+0 32 

-1 33 

-1 1 

-4 0 

291 

310 

1401 50 

032 

-21 


-36 

65 

272642 

+ 032 

-1 16 

-1 3 


310 

320 

1461 56 

032 

-I 9 


-Vi 

75 

2698 81 

+0 32 

-149 

-0 9 


327 

330 

1525 36 

032 

-2 I 


-38 

86 

2664 65 

+0 32 

-214 

+ 1 0 


33.7 

340 

1594 23 

031 

-2 2 


-34 

98 

2621 23 

+0 32 

-2 79 

+6 8 


33 6 

350 

1670 56 

0 32 

-4 6 


-12 

ni 

256.142 

+0 31 

-0 84* 


-5 3 

349 

380 

1760 86 

032 

-1 9 


-30 

181 

2480 28 

+0 33 

+1099* 


-22 

38 1 

365 

1816 88 

032 





2420 12 

+0 33 





366 

1829 72 

032 





2405 42 

+0 31 





367 

3843 38 

032 





2.189 42 

+032 





368 

1858 08 

032 





2.17184 

+0 31 





368 

1873 99 

032 





23S2 23 

+0 33 





370 

189169 

032 

-09 


-20 

28 8 

2329 99 

+032 



-0 5 

67 ft 

$71 

1911 88 

0 31 





2303 98 

+0 33 





372 

193611 

032 

-1 3 




227215 

+032 



-1 6 


373 

196821 

033 





222919 

+032 





374 

203107 

033 



+60 

-13 $• 

2145 67 

+0 34 




174 f.' 

374 15 

2083 27 

032 





208327 

032 





"‘Flock. E 

F. Bwr Stand J 

Res, S, 481-505 

(RP210) 

(1930) Meek 

Ena , 

52, 231-242 

(FSP-52.30) (1930) 
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«. F g". Smiti. L B . and Gerry, H T. Proe Anur Acad Arts Sct, n, 319- 
(1935) (InSded in the 1935 volume, but actiwlly publirted m 1936 ) The 
are ecceoted Hm “ 2675 35 Int joules/e at 100 C and the expression c — 


• References and remarks • 

C Callendar, H. L, Prac Inst Msch hng , 1»29, ^0^-527 
HM Havln-ek, J , and Milkoviky. L , Helv Phys Acta, 9, 161-207 0936) 

K Koch. W, Forsch. Gsbiets Ingentenrw , 5, 138-14S (1934). Z Per dents Ing , 78, 
1160 (1934). 

KSC Keyes, 

364 (1935) , - - - , , 

authors accepts Jf* “ 2675 35 Int jouies/g 
1 47198 + 7 5S66<10-*)r + 47 8365/r based on Gordon's computations and attributed 
to Keenan, and from these and their own voliunetric measurements they derived 
the values of i/« here given. 

O Osborne, N S , Private communuation, 1938 (These values take precedence over 
the correspondiiw OSG ones ) 

OSC Osborne, N So Stimson, H F. and Ginnmgs, D C Values for f < 100 have 
been privately communicated by Clsborne, 1938, and are aubje^ to slight revi^on as 
the work progresses, the others arc from a longer table in /. Res Nat nur ytand , 
18. 389-448 (RP9a3) (1937) These supersede similar values published by Osborne. 
Stimson, and Fiock, Bur Stand I, Res, 5, 411-480 (RP209) (1930) -♦ JWeeh Rng , 
52, 191-220 (FSP-S2-28) (1930) and by Osborne, Stimson, and Ginoings, Mech 
Eng., 56. 94-95 (1934), Idem, ST, 162-163 (1935) 

Seh Schule, W , Z Per dents Ing, 55, 1506-1512. 1561-15 67 (1911) 

TS Trauts, M, and Steyer, H, Forsck Gebicte IngenienrU) , 2, 45-52 (1931) -► Steyer, 

H, Z. Ver dents Ing. 75, 601 (1931) 

• These values were obtained by KSG by extrapolation 

'Callendar, holding that the true critical temperature is 380 5 °C, extends his obser- 
vations to higher temperatures 275 °C, H, — 22% 9, Hi = 2051 5 , 377 ° C, H, = 2242 0, 
Hi - 2055.8 ; 380 'C, /f. = 2077 5 , if i = 2029.3 , and 380 5 “C, if, = Hi - 1968. 


Table 257. — Specific Heat of Saturated Water-vapor 

c, = amount of heat per g that must be added in order to increase the 
temperature by 1 “C while the condition of saturation is maintained by 
suitably adjusting the volume. 

f SR 02 ida'p 

f. -5 9 - 5.0 - 0 33 (joule/g) per 1 'C. 


Table 258. — Entropy of Saturated Water and of Saturated Steam 

(Values adopted for the International Steam Tables, 1934, 
are given in Table 260 ) 

The OSG values are to be preferred They are given directly, the 
others by the amounts (A5) by which they exceed the corresponding OSG 
values. Example • For the saturated vapor at 0 “C M gives the equivalent 
of 5-, = 9 132 - 0 0037 = 9.1283. 

The values under C and M illustrate the magnitude of the errors in the 
tables current ten years ago. 

5 is the excess of the entropy above its value for saturated water at 
0 “ C. The subscripts I and v indicate that the corresponding values refer 
to the liquid and to the vapor, respe<rtively. 

<»Lcduc, A, Int Cnt. Tables, 5, S3 (1929). 
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Table 258 — (Continued) 



Unit of S and of AS — 1 Int 

^ Uifluid 

joule/a *C. 

Temp — < ®C 

(Int scale) 


Ref •-» 

OSG 

K 

C 

M 

' OSG 


M 

t 

St 


- 10‘ASi 



«rkiAC_ 

0 

0 

0 


0 

9132 


■ ■■ ^ 
-37 

10 

01511 



+ 1 

8 884 


-69 

20 

02962 

+2 


+3 

8656 


-84 

30 

04363 



4 

8446* 


-82 

40 

0 5719 

-1 


5 

8 253 


-78 

50 

0 7032 



11 

8074 


-.59 

60 

0 8305 

0 


11 

7909 


-34 

70 

0 9543 



17 

7 756 


-IS 

80 

1 0746 

0 


15 

7613 


+ 12 

90 

1 1918 



7 

7480 


+40 

100 

1 3059 

-24‘ 


9 

7 3536 


+85 

no 

14174 



12 

72371 


+ 107 

120 

1 5265 

+6 


14 

71278 


+ 128 

130 

1 6332 



19 

70248 


4 149 

140 

1 7378 

+7 


20 

6 9276 


+162 

ISO 

18404 



24 

6R15S 


+ 166 

160 

19412 

-I 7 


25 

6 7480 

• 

+ 170 

170 

20403 



27 

6 6643 


+ 161 

180 

21380 

4 11 


25 

6 5836 


+ 156 

190 

22342 



26 

6 5055 


+ 141 

200 

23293 

415 

423 

18 

6 4295 

+245 

+ 118 

210 

24233 


425 

11 

61554 

270 

+84 

220 

2 5164 

415 

+36 

+2 

6 2827 

297 

+45 

230 

2 6088 


+38 

-14 

62112 

326 

-10 

240 

2 7007 

41 

+48 

-33 

61404 

351 

-77 

250 

27922 


+46 

-60 

6 0699 

.182 

-159 

260 

2 8835 

-6 

4 62 

-93 

5 9992 

415 

-2.52 

270 

29749 


+ 78 

-1.17 

5 9279 

441 

-.151 

280 

3 0608 

-18 

4 88 

-193 

5 8553 

47.1 

-46.1 

290 

31594 


4 100 

-260 

5 7807 

498 

-575 

300 

3 2534 

-29 

+ 123 

-334 

5 7032 

.524 

-696 

310 

3 3495 

-36 

4 121 

-399 

5 6214 

.542 

-799 

320 

3 4482 

-39 

+ 139 

-448 

5 5341 

6.19 

-869 

330 

3 5504 

-36 

+ 151 

-498 

5 4392 

581 

-912 

340 

3 6583 

-35 

+ 190 

-539 

5 3332 

586 

-882 

350 

3 7763 

-68 

+ 245 

-605 

5 2091 

591 

-797 

360 

3 9150 


+ 306 

-568 

5 0512 

6.14 

-658 

365 

40002 


+375 


4 9455 

728 


366 

4.0196 




4 9203 



367 

4 0401 




4 8930 



368 

4 0620 




4 86.14 



369 

4 0858 




4 8.105 



370 

41121 


+471 

-123 

4 7936 

1062 

-506 

371 

41422 




4 7509 



372 

41787 




4 6695 



373 

42282 




46321 



374 

4 3308 


-247 

4 902 

4 5079 

2663 

-869 


* References and remarks 

C ('a1!end.ir, H I Prac Tnst Meek Cnn 1929, 507-S27 fI929) 

K Koch, W , Forsih Gebicic Jngematrw , 5, n8»145 (1934), Z Ver dents Ing , 78» 
1160 (1934) 

M Motlier, R, “Ncue Tibcllen u^w/' 5 ed, 1927 

OSG Osborne, N S, Stimson, H F, and Gmninffs, I) ( The values for ^<100 are 
from Osborne, Stimson, and Fiocr. Bur Stand J Res , 5, 411-480 (RP209) (1930)-^ 
Meek Eng, 52, 191-220 (FSP'52-28) (1930), the others are from a revised and 
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iiior« extended table by Oithorne, Stimaon, and Oinninffs, / Hes Nol B%t Stand , 
19, 389>446 (KP98t) 0937) which takes precedence over the former 

* Koch's published value (0J114 Int. steam cal/R) for the saturated liquid at 
|00 *C seems to involve a misprint, if it were 0.5119, then lO'Ai'i would be —3 
Joules/g*‘C, which is not very discordant with the adjacent values 

* From fundamental constants and spectroscopic data, A. R Gordon and Cohn 
Barnes”* computed the excess of the entropy of saturated steam at 30°C above that 
at absolute aero to be 54 39 cal/g-mole(*C) = 12 642 i/g(“C). 


90 Steam-tables and Diagrams 

Although many steam-tables and diagrams, each giving .several types of 
steam-engineering data pertaining to one or more of the systems — ^water, 
steam, water and steam — have been published, there was in 1929 no gener- 
ally accepted consistent set of data from which complete steam-tables could 
be constructed. Tables based on different sources differed disconcertingly, 
although it is probable that any one of several was good enough for most 
technical purpo.ses, provided its data were not mixed with those from 
another source Any mixing had to be done with circumspection 

As a result of this condition, an international steam-table conference 
was held in Ixindon in 1929, another in Berlin m 1931, and a third in this 
country in 1934. A skeleton steam-table was adopted at the first, and was 
revised and somewhat extended at the second . and a more extended one 
was adopted at the third The last, which supersedes all others, is here 
given as Table 260 A review of the better work on steam prior to the 
London conference has been published by H N Davis and J H Keenan 
In Table 259 are listed some of the more lecent steam tables and dia- 
grams and of the reports of extended work pertaining thereto Extracts 
from much of the latter may lie found distributed through the several sec- 
tions devoted to the properties concerned 

The calorimetric measurements in this field have been recently reviewed 
by E F Flock , and many pertinent data based on measurements made 
at the Physikahsch-Techmschen Reichsanstalt are given by I., Holborn, 
K. Scheel, and F Henning in their “Warmetaliellen” (1919) 

Numerous equations of state have been proposed for water -vapor, but 
none has been generally accepted as entirely satisfactory Some will be 
found in the references given elsewhere in this section, and some are dis- 
aissed in the following papers, listed in chronological order* Linde. R, 
Forsch Gebtcte ingemeurw . 21, .57-92 (1905). Eichelberg, Idem, 220, 1-31 
(1920), Tumlirz, O. Sitz Akad fFw-i IFirii (Abt 2a), 130, 93-133 
(1921), Strauven, M. Rev iinivrrs des mines (6), 16, 289-301, 363-376 
(1923), Callendar. H L. World Power, 1, 274-280, 325-328 (1924), 
Nesselmann, K. Z physik. Chem . 108, 309-340 (1924), Hausen, H, 
Forsch. Gebicte Inffenicunv , 2, 319-326 (1931). 

'«Gordon, A R. »nd Barnes, Colm, J Fhvt’l Chem, 36, 11S3-1151 (1912) 

•“Davit, H N, and Keenan, J H, Proc Worli Bng Cong , Tokyo, 1929, 4, 239-264 (1931) 
'«• Fiock E F , Bnr yiand J Ret , 5, 481-305 (RP210) (1930) Meek Eng., 52, 231-242 
(FSP-52-SO) (1930). 
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Table 259.— A List of Some Recent Steam Tables and Diagrams and of 
Reports of Extended Work Pertaining Thereto 


1927 . Mollier, R., “Neue Tabellen und Diagramnie fur Wasserdampf,” S ed : Berlin, 

Springer. 

1928. Callendar, H. L, “Steam tables and equations, extended by direct experiment 

to 4000 IbVsq in. and 400 “C,” Proc. Roy. Soc. London (A), 120, 400-472 
{1928). 

Jakob, M, “Die Verdampfungswarme des Wassers und das speziiische 
Volumen von Sattdampf fur Tcmperaturen bis 210 “C,” Forsch.-Arb. Gebule 
Ingenteurw, Heft 310, 9-19 (1928) = M'wr. Abh. d Phyt.-Techn. Retchs., 
12, 435-446 (1929). 


1929 Callendar, H. L., “Extended steam tables,” Proc. Inst. Mech Eng, 1929, 
S07-S27 (1929). 

Int. Steam-Table Conference, “Skeleton steam table,” Engineering (London), 

. 128, 751-752 (1929) = Z. Per. dents. Ing., 73, 1856-1858 (1929) =Mech. 
Eng, 32, 120-122 (1930). 

Jakob, M., and Fritz, W , “Die Verdampfungswarme des Wassers und das 
spezifische Volumen von Sattdampf zwischcn 210 und 250 "C," Z. Per. 
denis lug, 73, 629-636 (1929) = IVtss Abh d. Phys.-Techn. Retchs, 13, 
93-111 (1930). 

Keenan, J. H., “A revised Molber chart for steam, extended to the critical 
point,” il/ecA. Eng, 51, 109-115 (1929) 


1930. Callendar, H. L, "Extended H-4> diagram for saturated and superheated 
steam,” London, E Arnold & Co. 

Flock, E F, "A review of calorimetric measurements on thermal properties 
of saturated water and steam,” Bur Stand. J. Res,, 5, 481-505 (RP210) 
(1930) 

Jakob, M, and Fritz, W, “Die Verdampfungswarme des Wassers und das 
^eziiische Volumen von Sattdampf im Bereich bis 310 'C (100.7 at)”. 
Techn Meehan. Thermodynam , 1, 173-183, 236-240 (1930). 

Keenan, J H , “Steam Tables and Molher Diagrams,” Am Soc. Mech. Eng., 
New York. 

Osborne, N S, Stimson, H F, and Fiock, E F, "A calorimetric determina- 
tion of thermal properties of saturated water and steam from 0 ’C to 270 'C," 
Bur Stand. J Res, 5, 411-480 (RP209) (1930) 

Speyerer, H, and Sauer, G, “Vollstandige Zahlentafel und Diagramme fur 
das spezifische Volumen des Wasserdampfes bei Dnicken zwischen 1 und 
270 at,” VDI-Verlag, Berlin. 


1931 


Fritz, W , “Ergebnisse der kalorimetrischen Messungen des amerikanischen 
Bureau of Standards on Wasser und Sattdampf zwischen 0 und 270 *C 
(56 at)," Forsch Gebtete Ingenteurw, 2 , 41 (1931). 

Int. Steam-Table Conference (2nd), "Rahmentafeln fur Wasserdampf nebst 
Erlauterungen,” Z Per dents Ing, 75, 187-188 {lOM.) Engineering 
(London), J31, 296-297, 393 (mi) = Mech. Eng., 53, 287-290 (1931). 
Jakob, M , “Callendars letztes Dampfdiagramm,” Forsch Gebiete Ingenteurw., 


2, 192 (1931). 

, “Steam research in Europe and America,” Enqmeertng (London), 

132, 143-146, 518-521, 550-551, 651-653, 684-686, 707-709, 744-746, 800-804 
(1931) 

Keenan, J H , “Thermal properties of compressed liquid water,” Mech. Eng., 
53, 127-131 (1931) 

, “Abridged edition of Steam Tables and Mollier Diagram,” Am. Soc. 

Mech Eng., New York 

Moss, H, "The revised Callendar steam tables,” London, E Arnold & Co. 


1932 . Keenan, J H , “A steam chart for second-law analysis,” Mech. Eng., 54, 
195-204 (1932) 

Knoblauch, O., Raisch, E, Hausen, H, and Koch, W, “Tabellen und Dia- 
gramme fur Wasserdampf, berechnet aus der spezihschen Warme” (2 ed), 
Munchen, R. Oldenbourg. 
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Sugawara, S , “New formulae and tables for steam,” Mem Col Eng Kyoto 
Imp Univ, 7, 17-48 (1932). 

Willis, P A , Hawkins, G A , and Potter, A A , “A comparison of recent 
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Table 260. — International Skeleton Steam-Tables, 1934 

Tlie following values were adopted by the Third International Steam- 
Tables Conference held in the United States of America® in 1934,^®“ and 
involve the following units and conversion factors Inch, pound, atmos- 
phere, and bar, all as already defined m Table 1 , the international steam- 
table calorie, designated as “IT-cal" defined by the relation - 1000 IT-cal = 
1/860 international kilowatthour , 1 international watt = 1 0003 (absolute) 
watt, I British theimal unit = 251 996 IT-cal; temperatures are expressed 
in terms of the international (centigrade) temperature scale, the zero being 
regarded as equivalent to 273 16 °K These lead to the following equiva- 
lents- 1 kgVcm® -= 14 2233 Ih* Am == 0 967841 atm, 1 cm'' = 3 53146, 
10-oft»; 1 mVkg = 160185 ft^/lb, 1 IT-cal = 4 18605 lut j = 21 447 
10"®lb’'‘ ftVin'' = 41 3255 atmem^ = 41873 joules. 

The enthalpy or total heat is definerl as "the heat content in excess of 
that contained by the liquid at zero degree centigra le and saturation 
pressure ”‘®^ 

P = pressure, v* = specific volume, H = enthalpy (total heat) , sub- 
scripts I and J indicate that the data refer to the liquid and to the vapor, 
respectively; t = tolerance, expressed in units of the last place of the 
tabulated value , Tol is the actual tolerance, for the entire column of values 
above it, unless another tolerance is indicated 

Observed values f.rii = 374 11 °C (MIT ), 374 2 ±01°C (PTR) 


Unit of P = 1 ksVem*. 

I Saturated phases 

of V* =" 1 cniVK, of // — 1 
Temp =#’C 

Liquid (/), vapor (r) 

tT-cal/R , 

Ilf T = 1 unit 

in 

last place. 

t 

P 

X 

ri* 

T 

n.* 

T 

Hi 

T 

Fit, 

0 

0006228 

6 

100021 

5 

206310 

210 

0 

0 

597 3 

10 

0 012513 

10 

1000.15 

10 

106410 

no 

1004 

1 

6016 

20 

0 023829 

20 

1 00184 

10 

57824 

58 

2003 

2 

605 9 

30 

0 043254 

30 

1 00442 

10 

32922 

33 

30 00 

2 

6102 

40 

0 075204 

38 

100789 

10 

19543 

19 

3998 

2 

614 5 


™‘Meeh Ene . 57, 710-713 (1915) 

"London Conf , Meek Eng, 52, 120-122 (1930) 
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P 

r 

vt* 

r 


r 

Hi 

f 

H. 

T 

50 

0 12578 

6 

10121 

2 

12045 

12 

49.95 

3 

6189 

5 

60 

020312 

10 

10171 

2 

76783 

77 

59.94 

3 

6231 

5 

70 

031775 

16 

10228 

2 

5046 3 

50 

6993 

3 

627.3 

5 

80 

048292 

24 

1 0290 

2 

34092 

34 

79.95 

4 

6314 

5 

90 

0 71491 

36 

10359 

2 

23615 

24 

89.98 

5 

635.3 

5 

100 

1 03323 

0 

1 0435 

2 

1673.2 

17 

10004 

5 

6391 

5 

no 

1.4609 

10 

10515 

4 

12101 

12 

no 12 

6 

642 7 

5 

120 

2 0245 

13 

10603 

4 

89165 

89 

120.25 

6 

646 2 

5 

130 

2 7544 

16 

1 0697 

4 

66821 

67 

130 42 

7 

6496 

5 

140 

3 6848 

21 

1 0798 

4 

508 53 

51 

140 64 

7 

652 7 

6 

ISO 

4.8S3S 

32 

1.0906 

4 

39246 

39 

150 92 

8 

655 7 

7 

160 

63023 

42 

1 1021 

4 

30676 

31 

16126 

8 

658 5 

8 

170 

80764 

S3 

1 1144 

4 

24255 

24 

17168 

9 

6610 

8 

180 

10.225 

7 

1.1275 

4 

193 80 

19 

18218 

9 

663 3 

9 

190 

12800 

8 

1 1415 

4 

156 32 

16 

192 78 

10 

665 2 

9 

200 

15857 

8 

1 1565 

4 

12718 

13 

203 49 

10 

666 8 

9 

210 

19 456 

8 

1 1726 

4 

10424 

10 

21432 

11 

668 0 

9 

220 

23 659 

9 

1 1900 

4 

86 070 

86 

225 29 

11 

669 0 

9 

230 

28 531 

10 

1.2087 

4 

71483 

71 

23641 

12 

669 4 

9 

240 

34140 

12 

1 2291 

4 

59 684 

60 

24772 

12 

6694 

9 

250 

40.560 

13 

I 2512 

4 

50 061 

50 

25923 

13 

668 9 

9 

260 

47 866 

IS 

12755 

4 

42149 

42 

270 97 

18 

667 8 

9 

270 

56137 

17 

1 3023 

4 

35 593 

36 

28298 

19 

666 0 

9 

280 

65457 

20 

13321 

4 

30122 

30 

295 30 

20 

663 6 

9 

290 

75917 

22 

136SS 

S 

25 522 

30 

30799 

20 

6604 

9 

300 

87611 

24 

14036 

5 

21625 

35 

32098 

30 

6561 

10 

310 

10064 

3 

14475 

5 

18300 

35 

3.34 63 

40 

6508 

12 

320 

11512 

3 

1 4992 

5 

154.38 

35 

349 00 

50 

644 2 

14 

330 

131 18 

4 

1 5619 

5 

12 952 

35 

364 23 

60 

6360 

16 

340 

14896 

4 

16408 

5 

10 764 

35 

38069 

70 

6256 

18 

350 

16863 

4 

1 7468 

6 

8 802 

35 

3989 

8 

6119 

20 

360 

19042 

5 

19066 

40 

6963 

40 

420 8 

8 

592 9 

20 

370 

214 68 

5 

2 231 

21 

4997 

100 

4523 

15 

S.S9 3 

30 

371 

21726 

10 

2 297 

26 

4 761 

100 

4572 

15 

.553 8 

35 

372 

21988 

11 

2 381 

34 

4 498 

no 

4629 

22 

5471 

40 

373 

222 S3 

11 

2 502 

53 

4182 

120 

471 0 

35 

538 9 

45 

374 

22522 

11 

2 79 

IS 

3 648 

120 

488 0 

50 

523 3 

50 

II 

Coni|iiessed water 








t-* 

P . 

0 

50 

100 


150 

?00 

250 

300 


350 


1 

S 

10 

25 

SO 


100016 

1 01210 




09999 

10119 

1 0432 

10906 


09997 

10117 

1 0431 

10902 


09989 

10110 

1 0422 

10«>3 

1 1556 

09977 

1 0099 

1 0409 

10877 

1 1532 


75 

09965 

1 0088 

100 

09952 

1 0077 

125 

09940 

1 0067 

150 

09929 

I 0056 

200 

09905 

1 0035 

250 

09882 

10015 

300 

09859 

09995 

350 

09a37 

09975 

400 

09814 

0 9956 

Tol - 

0.0002* 

0.0002 


1 0197 

1 0861 

1 1508 

10385 

I 0845 

1 1485 

1 0372 

10829 

1 1462 

10360 

10814 

1 14.19 

1 0337 

10784 


10314 

10755 

1 135.1 

10291 

1072(1 

1 1312 

1 0269 

1 0698 

1 1272 

1 0247 

10670 

11234 

0 0002 

00002 

0 0003 


1 2452 



1 2410 

1 3979 


1 2.169 

13877 


1Z1.10 

13782 


1 2255 

U612 

1671 

12184 

1.1462 

1604 

12117 

13327 

1557 

12054 

1 3207 

1521 

1 1994 

13097 


00004 

00007 

0002 
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p 

0 

50 

100 

150 

Hi 

200 

250 

300 350 

1 

0023 

49 97 






5 

0.120 

5005 

10011 

15092 




10 

0240 

50.15 

100.20 

15100 




25 

0 599 

5045 

10046 

151 21 

203 6 



50 

120 

50 96 

100.90 

15158 

203 8 

2592 


75 

1.79 

5146 

10134 

15195 

2041 

2592 


100 

239 

5196 

10178 

15232 

2043 

259 2 

320 5 

125 

2.98 

5246 

10222 

1.5269 

204 6 

2.593 

319.9 

150 

3 57 

5296 

10265 

153 06 

204 8 

259.3 

3193 

200 

474 

53.96 

103.57 

153 82 

2052 

259 4 

318 4 3931 

250 

590 

5496 

10446 

154 57 

205 8 

259 5 

317 6 387.6 

300 

705 

5596 

10535 

155 33 

206 2 

259 7 

317 0 3840 

Tol-» 

0.01* 

003 

005 

008 

01 ' 

01* 

03 08 

III. 

Superheated (i e , dilated) 

steam. 




t-* 

. 100 

^ 

. ISO — , 

. 200 

, 

. 250 

— , . — too — . 

p 

V,* 

X 

t 


T 

».* 

T B«* t 

1 

1730 

1 

1975 2 

2216 

2 

2454 

2 2691 3 

5 




433 8 

4 

4841 

5 533 2 5 

10 




2104 

2 

2376 

2 263 3 3 

25 






890 

1 101.1 1 


SO 

75 


4641 

2748 


i-* 

. 350 

, 

, 400 


P 

P.* 

T 

Pi* 


1 

2928 

3 

3164 

3 

5 

5816 

6 

6296 

6 

10 

2882 

3 

3127 

3 

25 

1121 

1 

1226 

1 

50 

5312 

8 

59 05 

9 

75 

33 22 

7 

37 78 

8 

100 

23 03 

5 

2705 

5 

125 

1666 

3 

20 53 

4 

ISO 

1198 

2 

1610 

3 

200 



10 31 

3 

250 



6366 

13 

.300 



3 02 

1 

/-» 

. 100 

, 

, 150 


P 

H, 

T 

H. 

T 

1 

639.2 

5 

663 2 

5 

5 





10 





25 





.50 





75 





«-» 

. ISO 

^ 

. 400 


P 

H, 

t 

III 

T 

1 

758 0 

12 

782 4 

12 

5 

7561 

12 

780 8 

12 

10 

753 5 

12 

7789 

12 

25 

746 3 

12 

773 3 

12 

50 

7329 

12 

7631 

12 

75 

7176 

12 

7521 

12 

100 

699 5 

12 

7400 

13 

125 

676 7 

12 

726 9 

13 

150 

646.8 

15 

7121 

13 


. 450 

^ 

. 500 

. 

— 550 

Pi* 

X 

Pi* 

T 

Pt* 

3400 

3 

3636 

4 

3872 

6774 

7 

7250 

7 

772 5 

3370 

3 

.361 1 

4 

3851 

1327 

1 

142 7 

1 

1526 

6460 

9 

69 92 

10 

7510 

4183 

8 

45 62 

9 

4925 

30 41 

6 

33 45 

7 

.36 32 

23 52 

5 

2614 

5 

28 55 

1890 

4 

21 25 

4 

23 36 

13 05 

3 

1511 

.3 

16 87 

946 

2 

11 .'’9 

2 

1296 

698 

2 

8 90 

2 

1035 

. 200 


. 250 

, 

. — too 

H. 

T 

If, 

T 

III 

6865 

6 

7101 

6 

734 0 

6819 

10 

706 7 

10 

7315 

6751 

10 

7021 

11 

728 0 



6878 

11 

7180 





6984 





6726 

. 450 

, 

, 500 

. — 

. 550 

III 

T 

H, 

T 

H» 

8072 

12 

8.32 3 

12 

857 8 

805 9 

12 

8313 

12 

856 9 

8045 

12 

8301 

12 

8559 

8000 

12 

826 5 

12 

852 6 

7916 

12 

8199 

12 

847 3 

7832 

12 

8131 

12 

8418 

774 5 

13 

806 0 

13 

8.361 

7652 

13 

7991 

13 

8303 

755 3 

13 

7918 

13 

824 4 


to r3 to to to 5 •* j tow OJCnOb-MO toto-^oo^ H 
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. 350 , 

P H. T 

. 600 

H, 

T 

. 450 

B. 

r 

, 500 

H, 

T 

. 5 

a. 

200 

6765 

20 

7334 

20 

776 0 

20 

812 0 

250 

622.5 

25 

7075 

25 

7588 

25 

7989 

300 

524 5 

30 

6775 

25 

739 7 

25 



■ The first conference was held m London, Engineenng (London), 128, 751-752 (1929), Mech 
Bng , S2. 120-122 (1930), Z Vor Oento Ing 73, 1856-1858 (1929) ; the aecond, in Berlinv 
Z Vcr Dents Ing, Ti, 187-188 (1931), Meeh. Bng, 51, 287-290 (1931), Engineering (London), 
Ul, 296-297, 393 (1931) 

* For < = 0 and P = 1. Tol = 0.00005 

' For / = 0 and P = 1, S, 10, and 25, Tol =0005 

* For P = 2S0 and 1 = 200 and 250, Tol = 02, for P = 300 and f = 200 and 250, 
Tol =0.3 


91. Fugacity and Activity of Water 


The value of the fugacity of water, as that term is used by G. N. Lew is 
and M Randall,’®* is / = where P, is the pressure of the vapor 

when saturated at the temperature (T °K) considered, and g and w are the 
values of two definite isothermal integrals, one (gr) determined solely by 
the vapor (gas), and the other (re) solely by the liquid (water) ; RTg = 



{i/P)dP 


and RTw 


- r 

- I 


*dP, where 8 = RT — Pv*, v being 


the specific volume of the vapor at T ®K and under the pressure P, Po is 
any such low pressure that it is reasonable to assume that 8 is negligible 
if P § Po, T'w* is the specific volume of water at the same temperature and 
under the pressure P, P' is the pressure at which the fugacity is desired, 
and R is the gas-constant. Obviously, the units of v*, Vv,*, and P must be 
so chosen that the unit of each of the products Pv* and Vn*dP, and also 
of 8, shall be the same as that of the RT with which it is associated 

The expression for w may conveniently be broken into tw'o parts, one 
involving integration from P, to the other from A to P', where A denotes 
the pressure of 1 atm. These integrals we shall denote by w' and tt'", 
respectively ; 


P7V = 



V,rdP, 


RTu^’ = 





Vn,*dP. 


W = t(/ -1- w" 


If P' = A, re" = 0 and the fugacity at 1 atm is fi = P,c-<i'-“'> , if P' = P„ 
and the fugacity at saturation is f, = PjC ” Also f = 
p^-tg-v w") _ fuels’- I^wis and Randall call the quantity c"' the activity 
and denote it by a ; thus getting the relation / = o/i. 

Values for / and for a of water at 25, 37 5, and 50 “C, and at various 
pressures between 1 and 1000 atm have been published by M Randall and 
B. Sosnick.’*® Those values are quoted by the former in his compilation,®*® 


^Lewm G N. and Randall, M, Sec their ''Thermodynamics and the Free Enerey of Chemi- 
cal Substances/’ 1923 Also, Tutmell. G, / Pkyi*i Chem , 2885*2913 (1931) 

» Randall, M , and Sosnick, B, 7 Chfm Sqc„ 80» 967-980 (97S> (1928) 

Randall, M, Jnl Cnt TaNcx, 1, 232 (1930). 
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but are affected by computational errors and an assumption. These affect 
two of the 5 significant digits given in the values of /, and should be care- 
fully considered. 

Their procedure was to compute /i and a, and to derive /( from 
them. Any error or uncertainty in fi will recur, in full force, in each other 
value of / for that temperature, on that, will be superposed any error in 
the corresponding value of a 

As there seem to be no suitable experimental data for the density of 
dilated water-vapor at these temperatures, the value of g can be obtained 
only by the use of an assumed equation of state. They used Rerthelot’s 

9 /RPT \ f /T \- 1 

equation, taking 8 = \ P J { ^ \Y) “ ^ J ’ critical 

constants Pc = 217 5 atm, Tc = 647.1 °K, essentially those given in the 
International Critical Tables and in this compilation As extrapolation 
always introduces an uncertainty, it is imperative that we consider care- 
fully the probable suitability of this equation for our present purposes. 

Probably the best test is to examine how well this ctjuation will repro- 
duce, at such temperatures, the known density of the saturated vapor If 
the reproduction is close, it is probable that the equation is fairly satisfac- 
tory; in the contrary case, and especially if the difference between the two 
values increases rapidly as the temperature is reduced, the equation must 
be condemned as unsatisfactory, and the results of computations based upon 
It must be regarded as of doubtful value. The quantities of interest in such 
a comparison are given in Table 261, where also are given those computed 
by means of a new equation of state, derived from observations at and 
above 100 “C, and taking into consideration the specific heat as well as the 
density. That equation yields 


/5i8 

\ r/* ) 


818(10)3 387(10)" 325(10)3* 


v*T 


v*'^V 


cm*atm/g 


It will be noticed (Table 261) that at the higher temperatures (50 to 
200 °C) the values derived from Naumann’s equation do not differ greatly 
from those given by the observations , while those from Berthelot’s are only 
about half as great as the experimental values at 50 °C, and 3/4 as great 
at 200 °C. At lower temperatures, both sets depart markedly from the 
experimental values, the Bcrthelot values at 25 ®C being only 1/5 as great 
as the experimental. The Naumann value always lies between the other 
two. Whence, we may conclude that neither of these equations of state 
is suitable for use in computing g for temperatures below 50 °C, and that 
Berthelot’s is quite unsuitable even at 50 ®C. 

The conservative course is to restrict oneself to the statement that g is 
probably near, and does not exceed, the value given in the column Obs. 
For such small quantities we may for our present purposes take e-' = 1 — g. 
Then the expression for the fugaaty of water at 1 atm becomes ft = 


»> Katunann, F , Z Phyttk Chem (A). ISf, 135-144 (1932) 
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= P,(l - g)e^, where lOOOy docs not exceed 3.0, 2,4, and 3.4, 
respectively, at 25, 37 5, and 50 °C. At those same temperatures, e“' = 
1 + v/, w'here lOOOn/ = 0 72, 0.67, and 0.60, respectively. Whence at 
SO ®C, for example, /i = P,(1.00060 — g) > ^*(1 00060 — 0,0034) = 
0.9972P,. Putting into the expression for ji the values of P, (0.031258, 
0.063637, and 0.12172 atm) corresponding, respectively, to 25, 37.5, and 
50 °C, we find that /i is near, and not less than 0 03119, 0.06353, and 
0.12138 atm, respectively. It seems certain that fi is not greater than the 
value derived from Berthelot’s equation; tns., 0.03126, 0.06361, and 
0.12158 Hence, one may say that at 25, 37.5, and 50 "C, the values of 
fi lie within the ranges 0.03119 to 0.03126, 0 06353 to 0.06361, and 0 12138 
to 0 121 58 atm, respectively, and probably much nearer the lower values. 


Table 261. — A Comparison of Some Bases for an Estimate of the 
Fugacity of Saturated Water 

(See text for discussion, symliols, and formulas.) 


The fugacity at saturation is j, — P,e RTg = 


1 . 


p. 


WP)dP, 


8s 


RT — Pv*, A s S/P, V* is the specific volume of the vapor , subscript s 
indicates that the quantity refers to the saturated vapor. B indicates that 
the value is based on Bertlielot's equation of state, N on Naumann’s, Obs. 
on observed data 


Unit o{ »•* and d. = 1 emVg, of 4. = 1 cm'atin/K, g » dimenaionlcs* , Temp = t °C 


t 

V.S 

6b> 

-A. 

N 

i' 

Obs 

N 

b' 

Ob»* 

-lO*,- 

N 

H 

0 

205000 

Imb 

61 

31 

89 

0 37 

019 

71 

3 

1 

10 

105900 

5s2 

54 

28 

63 

065 

0 34 

51 

5 

3 

20 

57600 

20. 

46 

27 

48 

1 1 

062 

36 

8 

5 

25 

4.3310 

13. 

47 

26 

41 

14 

08 

30 

11 

6 

30 

32880 

9x 

46 

25 

38 

10 

10 

28 

14 

8 

37.5 

22178 

54 

40 

24 

34 

25 

1 5 

24 

18 

11 

50 

12050 

41 

38 

22 

50 

31 

27 

34 

32 

18 

100 

1671 

28 

26 

16 

28 

26 

16 

168 

149 

96 

140 

507 7 

19 8 

200 

131 

706 

714 

467 

376 

363 

248 

200 

1271 

13 4 

14 3 

98 

206 

220 

150 

951 

924 

730 


* Here it is assumed that 0=0, at all values of P less than P, Observations 
aliove 100 °C indicate that 0 is almost independent of P 


It will lx> noticed that the values here gnen as derived from Berthelot’s 
equation differ from the published values to which reference has been made 
That is because in obtaining those values the wrong sign was inadvertently 
given to g. That error affects the entire table. 

The values for the activity (a) which are given by Randall and Sosnick 
are said to have been denved from the values of found by P. W 
Bridgman **** But those data, being given only at intervals of 500 kg*/cm® 
in the pressure, are not entirely saffsfactory for use in the determination 

^ Bridgmaii, P W , Prac. Am Acad Ar$s Set,, 307-362 (1913) 
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of the integral v/'. Using a linear interpolation over each of the two 
intervals (1 to 500, and 500-1000 kg*/cm*), which will give a value some- 
what too great, the graph of v* vs P being convex toward the axes, the 
present compiler obtained from those data values of a that, at the higher 
pressures, were significantly less (18 and 24 units in the last place at 1000 
atm and at 25 and 50 ° C, respectively) than those given in the table ated. 
This indicates an error m those tabulated values He did not attempt to 
check the values at 37.5 °C 


Table 262. — Activity and Fugacity of Water at 50 ®C 

At 50 °C the fugacity of water is / — P,(l 00060 — g)a, where P, - 
pressure of the vapor at saturation, a = activity of water at the pressure 
considered, 1 00060 = and g is determined by the extent to which the 
behavior of the vapor departs from that of an ideal gas It is probable 
that for water-vapor at 50 °C, g is close to, and does not exceed, 00034. 
Taking P, = Q 12172 atm. / = 0 12179(1 — g)a atm 


Unit of P and of / = 1 atm» a is dmienstonleM 


p 

a 

//(!-<») 

P 

a 

//(l-(7l 

1 

1 

0 12179 

600 

15018 

018290 

100 

1 0703 

0 1303S 

700 

1 6058 

0 19557 

200 

1 14S9 

0 13956 

800 

1 7165 

0 20905 

300 

12266 

0 14939 

900 

1 8345 

0 22342 

400 

13126 

0 15986 

1000 

1 9601 

0 23872 

SOO 

1 4042 

017102 





Consequently, no values from the table cited are tabulated in this com- 
pilation, but values of a for water at 50 °C have been derived from Amagat’s 
data (Table 95), which are available in steps of 50 atm, and are given, 
with the corresponding value of /, in Table 262 They differ by a maxi- 
mum of 3 units in the last place from those obtained by the compiler from 
Bridgman’s data, linear interpolation being used 

92 Pressure-temperature Associations for Equilibrium 
Between an Icf and Another Phasf 

In tins section are assembled all those pressure-temjierature associa- 
tions that are characteristic of each of the several types of ice when in such 
equilibrium as can exist between it and pure water-vapor, pure water, and 
each of the other types of ice For convenience, a few values of the specific 
volume and density of water-vapor in equilibrium with ice are also given 
For the density of w ater and ice, see Sections 32 and 67 . 

Triple Points. 

The triple points of a substance are the temperatures at which three 
phases of it can coexist in equilibrium. To each such temperature corre- 
sponds a unique pressure 
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Table 263. — Triple Points of the Water-substance 
(Adapted from the compilation * by P. W. Bridgman ICT.®“®) 

The symbols in the first column indicate the three phases that are in 
equilibrium at the temperature and pressure indicated in the next two col- 
umns; G — vapor, L = liquid (water), I, II, III, V, VI, and VII indicate, 
respectively, six types of ice. 



Unit of P = 

1 atm 

Temp 



— Phases • " — 


t 

P 

G 

I 

L* 

-1-00099 

000603 

I 

L 

III 

-22 0 

2047 

I 

II 

III 

-34 7 

2100 

II 

III 

V 

-24 3 

3397 

III 

L 

V 

-170 

3417 

V 

L 

VI 

-f016 

6175 

VI 

L 

VII 

-1-816 

21700“* 


* Bu«d on Bridgman, P W« Proc Am Acad Arts 9rt , 47, 439-558 (1912). Z anorg Chem ^ 
77, 177-455 (1911), Z physik Chcm , 89, 252 253 (1915), with a consideration of Tammann, 
G, “Kristalliiieren and Schmcizen," 1903, Z phynk Chcm, 84, 257-292 (1913), 88, 57-62 (1914), 
“Aggcegatziut&nde," 1922 

*See p 604 (/’ = 4.S8 mm-Hg = 0 00603 atm), also head text of Table 245 
(/’ = 4 SM7 mm-Hg = 0 0060351 atm) 


Ice and Water-vapor 

The only type of ice that can exist in equilibrium with water-vapor is 
tlie usual one, ice-I At each temperature below 0 °C there is a unique 
pressure of the vapor at which equilibrium exists between ice-I and the 
vajxir That pressure is called the vapor-pressure of ice, or the saturation 
pressure of water-vapor m contact with ice-I At other pressures one of 
these phases grows at the expense of the other without tlie intervention 
of the liquid phase — ice sublimes But certain observations by H T 
Barnes and W S Vipond suggest that the vapor from ice is for a brief 
interval in a state somewhat different from its permanent one (see p 000) 
Vapor-pressure of Ice-I. — By integrating the Clausius-Clapeyron equa- 
tion (dp/dt = L/{v* — V*)T) and determining the several constants from 
certain selected data, mentioned later, E W Washburn derived for- 
mula ( 1 ) . 

2445 5646 

logio/i = -f- 8.2312 logi.T- 1677 006(10-“) r -f 

r 

120514(10-") - 67.57169 (1) 

Here p mm-Hg is the sapor-pressure of ice-I at t °C, and T = 273 1 + t 
The coefficient of the first term of the right-hand member is determined by 
the value of the latent heat of ice at 0 "C, and was derived from C Die- 
terici’s value for the latent heat of vaporization of water, and the value 

•» BridKm.nn, P W , 7n( Crtt Tdhhs, 4, 11 (1928) 

*>• BrulKmnn. P W . Chcm’l Ph\s . 5, 964-966 (1937), 

“ Barnei. H T . and Vipond, W S . Pfcvx Jtn ’ , 28, 453 (1909) 

•" WanWmrn, E W, IVeathcr Rrv . 52, 488-490 (1924) 

**1 Dicterici, C ,4 b« d Pkysih (Wted f, 87, 494-508 (1889) 

Dickinson, H C, and Osterne, N S, Bull Bur Stand, 12, 49-81 (S248) (1915). 
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found by H. C. Dickinson and N. S. Osborne®*^ for the latent heat of 
fusion of ice, both at 0“C; that of the second term was derived from 
Dickinson and Osborne’s value for the specific heat of ice-I, and upon 
an estimated value (0.457 caho/g °C) for the specific heat of watei vapor, 
both at 0 °C ; those of the third and fourth, from two experimental values 
of p: Tliat found by S. Weber*®* at — 100®C, and that by K. Scheel and 



Figure 12 Vapor Pressure of Ice-I Deviations of Observations from the V.ilucs 

Defined by Formula (1) 


W.sh1,ur. ^ .H. change 

produced in Sp by an error of 0 01 "C in the •‘"'P'rature rioiei 

Weber ■= Weber, S, Com Phjii 19 ), 3-^2 091$) 

Scheel and Heuse = Schcel, K . and Heuse, W , Ann d Phyni (4), 29, 721 /17 

Scheel and Heuse, revised - the preceding as revised by Hollairn, 1, , bchcel, K , ana it n 

"'"!irucke3””«».*^"“kaigJo - Dru^^ C, Jim^no, ET, and Kangro, W , Z phys.k them. 90, 
511-552 (1915) 


W. Heuse*®® at — 50°C, and the constant term was so determined as to 
make p take the well-established value 4 579 mm-Hg at 0 °C. 

Washburn was of the opinion that the experimental values in the range 
-50 ®C to near 0°C are unreliable and should be rejected, the errors 
arising perhaps from uncertainties in the temperatures. See Fig 12 

C F Marvin**® has discussed the experimental determinations made 
prior to 1909. 
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Table 264.— Vapor-pressure of Ice-I 

(Adapted from a table given by E. W- Washburn, the values being 
those defined by formula (1). See text and Fig. 12. Values below 
—99 ®C have been computed by the compiler.) 

p, = pressure of pure water-vapor that is in equilibrium with pure 
ice-I at i ®C. If the vapor is mixed with atmospheric air, total pressure 
being P, then the pressure of the vapor when equilibrium exists will be 
p = pt-i- Ap, where Ap = y*(P ~ p)p,/RT, V* being the volume of 
unit mass of ice at T °K, and R being the gas-constaiit. For all practical 
purposes this is equivalent to 100 Ap/p, = 24/7' when P = 1 atm.f 

Lnit of ~ 1 mm Hg Temp = / “C *= «i + <i) 'C 


tr^ 

a. 

-00 

-0 1 

- oa 

-0 3 

~0 4 

-0 S 

~06 

-0 7 

-0 8 

-0 9 

• J 

-0 

4.579 

4 542 

4.504 

4 467 

4 431 

4 395 

4 359 

4323 

4 287 

4 252 

-1 

4.217 

4182 

4147 

4113 

4079 

4 045 

4012 

3 979 

3 946 

3913 

-2 

3 880 

3 848 

3 816 

3 785 

3753 

3 722 

3691 

3 660 

3 630 

3 599 

-3 

3 568 

3 539 

3 509 

3480 

3.451 

3 422 

3 393 

3 364 

3 336 

3 308 

-4 

3 280 

3252 

’225 

3198 

3.171 

3144 

3.117 

3 091 

3 065 

3039 

-5 

3.013 

2987 

2962 

2 937 

2912 

2 887 

2862 

2838 

2 813 

2790 

-6 

2765 

2 742 

2 718 

2 695 

2.672 

2 649 

2626 

2 603 

2 581 

2 559 

-7 

2.S37 

2 515 

2 493 

2472 

2450 

2 429 

2408 

2387 

2 367 

2 346 

-« 

2326 

2 306 

2 285 

2 266 

2.246 

2 226 

2207 

2187 

2168 

2149 

-9 

2131 

2112 

2 093 

2075 

2057 

2 039 

2021 

2003 

1985 

1968 

-1(1 

1950 

1934 

1 916 

1899 

1883 

1866 

1849 

1833 

1817 

1800 

-11 

1 785 

1 769 

1 753 

17.17 

1722 

1 707 

1691 

1676 

1661 

1646 

-12 

1632 

1617 

1602 

1 588 

I 574 

I 5.59 

1.546 

1532 

1 518 

1504 

-13 

1490 

1477 

1 464 

1450 

14.17 

1424 

1411 

1399 

1386 

1373 

-14 

1361 

1348 

1.336 

1324 

1312 

1300 

1 288 

1276 

1 264 

1253 

-15 

1241 

1 230 

1 219 

1 208 

1.196 

1 186 

1 175 

1 164 

1 153 

1 142 

-16 

1 132 

1 121 

1 111 

1 101 

1091 

1 080 

1070 

1 060 

1 051 

1 041 

-17 

1031 

1021 

1012 

1 002 

0993 

0 984 

0 975 

0966 

0 956 

0 947 

-18 

0939 

0930 

0921 

0 912 

0904 

0 895 

0 887 

0 879 

0 870 

0 862 

-19 

0.854 

0846 

0838 

08.10 

0.822 

0 814 

0JB06 

0799 

0 791 

0 78.1 



\Jnil of f # « 

0 001 mtn*llg Temp 

-'t'C 

= 0. + ».) 

•c 




f| 

-0 


-1 

- 2 


-3 


-4 



-20 

776 

705 

640* 


580 

526 



-30 

285 9 

257 5 

2318 


2084 

1873 



-40 

%f. 


86 2 

768 


684 

60 9 



-50 

29 5. 


261 

230 


203 

17 8 



-60 

80. 


70, 

61. 


5 3. 


4 6. 



-70 

1 94 


167 

143 


123 


1.05 



-80 

040 


0.14 

029 


024 


030 



-90 

007» 


0 05. 

004. 

0 04, 


003, 



-100 

0009, 

0008. 

0006. 

0 005, 


0004, 



-no 

0001 

» 

0 

00008, 

0 0006. 

0 0005. 


00004-, 



tThis coefliciciit (24) differ!, from that (20) given by Washburn the latter 
IS incorrect. 

•■Weber, Si Comm Phyt Lah Letdm No ISO, 3-52 (191S) 

•■SchecI, K, and Meuae, W, Aon d Pkystk (4), 29, 723*737 (1909) 

*• Marvin, C F , Monthly H raffcrr Rfv , 37, 3-9 (1909) 

49o"(l9?0*’“"’ ^ ^ 210-211 C1928) 4-Jfm<M> Weathtr Rrv , SJ, 488- 
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Table 264 — ( Coiiliuucd) 


fe-* 

/l 

-20 

-s 

-6 

-7 

A. 

-8 

-9 

476 

430. 

389. 

351 

317. 

-30 

1681 

1507 

1351 

120 9 

1081 

-40 

54.1 

48,1 

426 

37.8 

33 4 

-50 

15.7* 

13 8 

121 

10.6 

9 2. 

-60 

40. 

34.* 

30. 

2.6 i 

2 2, 

-70 

090 

0 77 

0.66 

056 

047 

-80 

017 

014 

012 

010 

008. 

-90 

0 02, 

002, 

001. 

001. 

001. 

-100 

0 003. 

0.002, 

0002, 

0001. 

0 001. 

-110 

00003. 

00002. 

00002. 

0 0001. 

0.0001 


* C Dei “* has obtained experimentally the values ^. = 0 58 0 023 mni-Hg at 

-22 3, 0.0166=^00008 at -55, and 0 0037 =*= 0 0002 at -66“C, which essentially 
agree wiA those (0 62, 0 0157, 0 0035) given by this table 

*S. Bushman’s estimate” of p. at - 110 ‘C is 0 75 x 10 " mni-Hg, somewhat 
smaller than the 1 0 X 10"* required by Washburn’s equation 


Density and Specific Volume of Vapor Saturated with Respect to Ice 
At such low vapor-pressures, the vapor may for most practical purposes 
be regarded as ideal Its ideal specific volume at t °C may he computed 


Table 265. — Ideal Specific Volume and Density of Vapor 
Saturated with Respect to Ice 

Computed by means of the formula v* = 3461 8(273 1 -I- t)/p, cm*'/g, 
where v* = specific volume, p, mm-Hg = pressure of vapor in equilibrium 
with ice-I at t °C (see Table 264) , p = density of the vapor. 


L’nit of v* — 1 xaVff, of p — 1 mg/m* 


t 

v* 

p 

1 

10-“r* 

lOOp 

-0 

0 2065 

4843 

-60 

01427 

701 

-5 

03195 

3129 

-65 

0.290 

344 

-10 

0 5026 

1990 

-70 

0612 

166 

-IS 

0 8036 

1244 

-75 

134 

75 

-20 

1308 

765 

-80 

306 

33 

-25 

2168 

461 

-85 

73 

14 

-30 

3 670 

272 5 

-90 

180 

5 6 

-35 

6345 

157 6 

-95 

47 

21 

-40 

1122 

891 

-100 

1.30 

0 77 

-45 

20 36 

491 

-105 

385 

0 26 

-.50 

3785 

26 42 

-110 

1330 

0 075 

-55 

723 

13 8 

-115 

3900 

0 025 


by means of the relation v* = 4 555(760) (273.1 -I- t)/p, = 3461.8 X 
(273 1 -1- t)/p, cm®/g, the unit of p, being 1 mm-Hg, and the values of 
pt (the vapor-pressure of ice) being taken from Table 264. But the actual 
specific volume is somewhat smaller than the ideal. A tentative deter- 
mination by M Knudsen indicated that the effective molecular weight 

■u Dushman. S , Int Cnt Tables, 1, 92 (1926) 

«uDei, C. AM arc Uneet (6), 12, 119-124 (1930). 

*u Kaudaen, M , Ann d. Physik (4), 44, S25-S36 (1914). 
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of water-vapor saturated at —75 ®C is 21 1, which corresponds to a specific 
volume about 15 per cent less than the ideal. 

Ice and Water. 

Melting-point of tee 

By the melting-point of ice is meant the temperature at which ice is in 
equihbrum with the adjacent water under the existing pressure. It varies 
w ith the pressure and with the purity of the water. 

Ejccept as the contrary is indicated, the following data refer to pure ice 
in contact with pure water, the system being subjected to a uniform hydro- 


Table 266. — Absolute Temperature of the Ice-point 


The value that was used for computational purjxises in the International 
Critical Tables, and that is so used m this compilation except where another 
IS indicated, is this: Ice-jxiint = 0 °C = To °K = 273.1 °K. But it is 
quite certain that the correct value of To is somcwliat greater than that, 
probably about 273 16 “K. For a recent discussion of the subject, see KT.® 

Unit of /■„ 1 “K 


Year 

To 

Ref* 

Year 

To 

Ref* 

1907 

273 174* 

Buckingliani 

1930 

273 16 

HO 

1915 

273 09 

Henning 

1931 

273 116' 

Keyes 

1919 

27 3 09 ‘ 

HSH 

1931 

273 16 

KK 

1921 

273 20 

HH 

1932 

273 16' 

KS 

1922 

273135* 0 005 

Keyes 

1933 

273 215 

Jacyna 

1923 

273 13 * 001 

sr 

19.34 

27316 

KSG 

1925 

273 IS 

Roebuck 

1935 

273 22 

Jacyna 

KT 

1929 

27314 * 001 

Schdincs 

1936 

273 144 

1929 

273 16 

HO 

1936 

273 16 

R<K-buck 

1929 

272 79' 

Roebuck 
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static pressure For the effect of differential stresses, see Sections 64 
(pp. 430-431) and 97 (p. 646) Five types of ice (I, III, V, VI, and VII) 
must be considered 

Ice-I • Normal Melting-point and Triple-point . — By definition, the melt- 
ing-point of ice-I (ordinary ice) in contact with water saturated with air 


Table 267. — Melting-points of the Ices under Hydrostatic Pressure 

Adapted from the compilation by P. W. Bridgman (ICT)“> with the 
addition of dP/dt from liis paper,*— and of such other data as are so 
indicated The data for ice-V and ice- VI extend into the sujiercooled 
regions For phase diagram, see Section 93 


Unit of P = 1 atm 

= 1 01325 bars 

= 1 0332 kB*/cm» 

MeltinR-i«iint 

= t"C 

P 

1 

dP/dt 

P 

1 

dP/dt 


Tce-T 



Tce-V I 


0CK)603 

-1-00099* 


4640 

-ISO 

+96 4 

1 

00 

-1343 

5110 

-100 

+ 103 0 

.■iOO 

-5 0 

-1120 

5620 

-so 

+ 1102 

1090 

-100 

-95 4 

6160 

00 

+ 1162 

1540 

-150 

-822 

6175 

+016* 


1910 

-20 0 

-718 

6780 

+50 

+ 1218 

2047 

-220* 


7m 

100 

+ 128 S 

653 

-5 53' 


8040 

ISO 

+135 5 

831 

-7 46' 


8710 

20 0' 

4143 8 

1064 

-9 75' 


10250 

300 

+ 1620 

1104 

-10 42' 


11990 

400 

+ 182 7 

1313 

-12 74' 


13970 

500 

+208 7 

1546 

-15 66' 


]61!i0 

600 

+235 1 




185.30 

70 0 





21090 

800 



- Ice-TTT 



Ice VIl* - 


2047 

-220” 

-t-180 ' 

"21700 

81 6‘ 

108 4 

2430 

-200 

-1-238 

23200 

95 3 

1216 

2820 

-185 

+310 

25200 

110.3 

134 8 

3417 

-170'' 

+430 

27100 

1241 

144 5 


_ Icc-V 


29000 

1.371 

152 7 

3040 

-20 0 

+119 ' 

31000 

149 5 

161 2 

3417 

-170' 


32900 

161 I 

170 6 

3680 

-15 0 

+ 135 

34800 

1721 

180 5 

4360 

-100 

+ 152 

36800 

182 5 

190 8 

5270 

-50 

+174 

38700 

192 3 

202 0 

6160 

00 

+201 




6175 

-f016* 






“ Based on P W Bridgman with a consideration of G Tammann 

‘Triple point (vapor, water, ice-I) , see Table 263 The increase (dT) produced 
in the melting point of ice by a small increase (rfP) in the hydrostatic pressure can be 
loniputed by Clapeyron’s equation dT/dP = TlO.x^fL'), where T = absolute tem- 
perature of the melting-point, A?/* = excess of the specific volume of water (the phase 
obtained by increasing the temperature) over that of ice, and L — latent heat of 

SI’ Thomson J Trans Rov ^ar JZdwbur/ih, U, S75-SRO (1849), Thomiinn, W (Ixird Kelvin), 
PhtI Man (3) 31, 121-127 (18S0) 

•“Moser, H, Ann d Phvsik (3), 1, 141 360 (1929) 

•II Michels, A, and Coetener, F, Proc Akad Wet Amsterdam, 30, 1017-1020 (1927). 

•I" Goossena, B J , Arch nierl , 20, 447-454 (1886) 
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Table 267 .— (Continued) 

fusion; all at the temperature T. For ice at 0*C, T = 273.1 ’K, Av* = 0.0^ ot*/k, 
L = 333.6 joules/g, whence, dT/dP = — 0 00742 “K/^r — — 000752 ICyata 
H. Moser* observed -0 00748 ‘K/atm. There is a further depression of 0.0024 K/ 
atm due to the solubility of air in water 
'Triple point: water, ice-I, ice-III 

* Triple point . water, ice-III, ice-V 

* Triple point . water, ice-V, ice- VI. 

' Observations by G. Tammann * 

'L. II Adams"* found that water 

P =W30 bars = 9504 atm. 

*P W. Bridgman*”, units changed by the compiler 

* Triple point: water, ice-VI, ice- VII 


and ice-VI are in equilibrium at 25 °C if 


at a pressure of one normal atmosphere, but otherwise pure, the entire 
system being subjected to a uniform hydrostatic pressure of one normal 
atmosphere, is 0 °C This is often called the normal melting-point of ice , 
also, the ice-point. 

The effect of the dissolved air is to lower the melting-point by 0 0024 °C 
(Table 268), and the direct effect of the pressure (1 atm) is to lower it by 
0.007.5 see Table 267 Hence, if it were possible to reduce the 

pressure to zero, then the melting-pomt of ice-I m contact with pure, air- 
free water would be •f00099 °C Actually, the pressure cannot be reduced 
below tliat of the vapor-pressure of water at the temperature of equilibrium, 
which must equal tlie vapor-pressure of ice at the same temperature. That 
pressure is equivalent to 4 58 mm-Hg. which corresponds to a negligible 
(000004r, °C) lowering of the melting-ixunt Consequently, the tempera- 
ture at W’huh the system (water, vajxir, ice-T) is in equilibrium is 
-1-00099 "C; this is called its triple-point 

H. Moser -*® has refxirted that the triple-point is experimentally repro- 
ducible to within 0000.5 “C, an<l has recommended that it, rather than the 
ice-point, be used for fixing the 0 °C point of thermometne instruments. 
See also A. Michels and F Coetener-’^ and F J Goossens-^* But J L 
Thomas of this Bureau has found that the ice-point can be “readily 
reproiluccxl to a few ten thousandths of a degree centigrade," and W. P 
White has descnlicd procedures by which it can he reproduced and held 
constant to w ithin 0 0001 °C for a day or more. 

Effect of a Solute — When an aqueous solution, other than a eutectic 
mixture, beg^ins to free7c. the crystals that form are pure ice (see pp 401-1- 


'nit.ni.i«, J L. Bur Stand J Krj , 12. 323 332 (RP658) (1914) 
•"White. W P. 7 4m Clum See, 56, 20-24 (1934) 
m' Briditniaii, P W , Jnt Crit Tables, 4, 11 (1928) 

•" Brictiiniim, P W, Proc Am Acad Arts Sn , 47, 439-558 (1912) -» 2 
455 (1913), P physii Cktm . 89, 253 253 (1915) 


linor^ 


Chon , 77, 377- 


“Tamm inn, G. ".SBKreiQUiKi mile." 1922. "Kryst illoierrn mid SchmeUen,” 1903, Z. phyttk 
(hem 84. 217 292 (iwll). «, 57 1.2 (1914) 


“Muser 11. Ann d Ph\sik (5), 1, 341-360 (1929) 
“Tanmiaim, C, Z phvstk Chon. 72, 609-631 (19101 
“Adaitui, [. H,/ 4m Chon , SI, 3769-3813 (1931) 
aiBridgmu, P. W. 7 CktmT Fhyt , I, 964-966 (1937). 
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and 414). The temperature at which these crystals are in equilibrium 
with their mother liquor is the melting-point of pure ice when bathed 
in that liquor, and is lower than tlie melting-point of pure ice in 
contact with pure water. It is commonly called the freezing-point of the 


Table 268. — Melting-points in Aqueous Solutions of Certain Gases 


Only those gases for which the solubilities have been given in this com- 
pilation (Tables 230 and 231) are considered. The computed values of A 
have been derived from those solubilities at 0 “C by means of the relation 
A = 1.859Af. The experimental data, taken from the compilation by R. E 
Hall and M. S. Sherrill,*®* illustrate variations in the values of A/N when 
the assumptions that the solution is dilute and that there is no chemical 
reaction between the solute and solvent are not fulfilled. 


F = formula-weight of the gas, N = number of gfw of gas dissolved in 
1 kg of water, A °C = depression of the melting-point below what it would 
have been in the absence of the dissolved gas, the total pressure on the 
water being the same in both cases, P = partial pressure of the gas when 
Its saturated aqueous solution at O^C contains N gfw of gas per kg of 


water. 


Gas 

— Coi^uted 

id P = 1 atm - 
low 

10«A 

Gas 

- Expcrimi 
N 

intal A — 
A/W 

Rc(« ■ 

Air 

2896 

129 

2.4* 

CO. 

007 

212 

OF 

A 

39 91 

24 

43 

NH.OH 

0006 

211 

J 

J 

He 

4.00 

0.43 

08 


0 01 

203 

Kr 

829 

446 

83 


002 

197 

J 

Ne 

202 

0.48 

09 


005 

196 

J 

Rn 

222. 

228 

42 

NH.' 

0.5 

186 

R, P.S 

Xe 

130 2 

10.8 

201 


20 

19 

R,P.S 

H, 

2015 

0.96 

18 


5.0 

20 

R, P, .'i 

N. 

2802 

103 

19 


10.0 

22 

R,P,S 

O. 

32 00 

218 

40 


150 

25 

R. P.S 

o> 

4800 

286 

53 


200 

2 9 

R.P.S 

CO 

28 00 

1 58 

29* 


250 

33 

R. P.S 

CO. 

44 00 

76 4 

142, 


30 0' 

37 

R,P,S 

NH, 

1703 

52600' 
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*If the formula-weight for air is taken as 30 00, the computed value of lOOOA will 
be 2 3, as given by H W. Foote and G lipoid,** and by H W. Foote 

' This set of values is taken from p. 261 of Hall and Sherrill’s report ; they give 
another, and very slightly different, set on p 255. 

* Apparently the only available experimental value for the depression produced by 
CO is that by P. Falciola,*" quoted in Hall and Sherrill’s report (p. 255) . He did not 
determine the concentration of the solution, has not reported the partial pressure of 


»HaI1, R E., and Sherrill. M S , /■(. Cnt Tables, 4, 254-264 (1928). 
»• Foote. H W, and Leopold, G, Am. J. Sei. (S), 11, 42-46 (1926). 
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Hall and Sherrill. Int Crit Tables, 4, 254-264 (1928). 
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T«Ue 268. — (Continued) 

the CO (it was probably about 1 atm), and gives but the single value A = 0.015 'C. 
As the solubility data indicate that lOOOA^ = 1 58 when P = I atm, this value of A 
leads to A/N = 9.5, a very surprising value. 

'Eutectic aqueous solution of NH<OH, the eutectic point (—A) is —111 C 
(Rupert places it below — IM'C, Postma, at —1003*0 According to Fostma the 
composition of the eutectic is 34 5 !>er cent NH, by weight ; i e , iV = 30 9. At higher 
concentrations the solution consists of (NH»)jO in NH»OH, and beyond that, of 
NH. in (NH.).0 (Rupert). , 

^ This IS not an aqueous solution of NH^ but a dilute solution of water m NHiOH 


Table 269. — Melting-point in Sea-water 

Tlie data in terms of the salt-content (s) are from O Krummel -'•* and 
are to J )0 preferred to those in terms of <to, by O Pettersson The latter 
are ai>proxiniatcly represented by f = 0017 — ito/14 15. 

Salt content = s, density = 1 + 10 ‘ir , aa. at = value of o- at 0 °C, at 
t “C; melting-point (equilibrium lictwecn pure ice and sea-water) = t °C 




Lnit of s 

= 1 B ^ lit 

per kg se i wafer . of density =* I g/ml 



s 

t 

OI 

3 

- t 

tri 

r 

- 1 

at 

s 

-t 

ffi 

1 

0 05S 

0 72 

11 

0 587 

880 

21 

1 129 

16 87 

31 

1683 

24 96 

2 

0 108 

1 52 

12 

0640 

960 

22 

1 184 

1767 

32 

1 740 

25 76 

3 

0 t61 

234 

1.3 

0694 

1041 

23 

1 239 

1849 

33 

1797 

26 58 

4 

(1214 

315 

14 

0 748 

1122 

24 

1 294 

1929 

.34 

1853 

27 39 

5 

0 267 

3 96 

15 

0802 

1202 

25 

1.349 

2010 

35 

1910 

28 21 

6 

0.320 

4 75 

16 

08.56 

1284 

26 

1 405 

2091 

.36 

1967 

2902 

7 

0.373 

5 57 

17 

0910 

1364 

27 

1 460 

21 71 

.37 

2 024 

29 8.3 

8 

0 427 

6.38 

18 

091)5 

1445 

28 

1.516 

22.52 

38 

2 081 

3065 

9 

0 480 

719 

19 

1019 

1525 

29 

1 572 

23.34 

39 

21.38 

.31 46 

10 

05.34 

800 

20 

1074 

1607 

30 

1 627 

2414 

40 

2196 

.32 27 

V,| 


41 

104 



148 

24 4 

271 


— 

I 

027 


0715 

085 


1 025 


1 715 

1 895 


solution, but the solution does not freeze as a unit unless it is saturated 
with the solute at the temperature at which freezing occurs Under that 
condition, it freezes without change m concentration, and the resulting 
solid is an intimate mixture of solute and icc A solution of that concen- 
tration is called a eutectic solution 

If H is the number of effective gram-molecules contributed by the solute 
jier kilogram of the solvent when the depression of the melting-point is A, 
we may write A = nE, where E is characteristic of the solvent but inde- 
pendent of the nature of the solute, E varies with the concentration, and its 
limiting value (£») as « approaches zero is frequently called the cryoscopic 
constant of the solvent. By the number of "effective” molecules is meant 
the number of entities that individually participate in the thermal molecular 
agitation of the solution. If the solute is neither associated nor dissociated, 
and does not affect the molecular aggregation of the solvent, then »i = 1000 X 
tit/Fll' ss N, where m is the mass of the solute dissolved in the mass W 
of the solvent, and F is the formula-weight of the solute If each molecule 

Krummel. O , **llatidh d OeeanofEraphie," Vol 1, 1907 

Petler««on, O, fVjra-expeditum, see Btibl, Ann d Pkystk, T, 834^41 <1883). 
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of the solute is dissociated into two parts, and the solvent is not affected, 
then n = 2N', and similarly in ottier cases. 

The quantity commonly tabulated is not E, but A/iV, which equals E 
only when n = N and the state of molecular aggregation of the solvent is 
not affected by the presence of the solute 

The value of E is RM„T^/\(XXiL, where R = gas-constant, = 
molecular weight of the vapor of the solvent, T = absolute temperature 
(273 1 -t- 0 of the actual melting-point (/ °C), and L = latent heat of 

fusion of the pure solvent at t °C, R and L must refer to the same unit of 

* 

Table 270. — Pressure-temperature Associations for Equilibrium 
Between the Several Pairs of Types of Ice 

Adapted from the compilation® of P W Bridgman (ICT)®®‘ with 
addition of dP/dt from another paper--' See also Table 271 and 

Fig. 12. 

P and i are the associated pressure and temperature, and dP/dt is the 
derivative under llie condition that equilibrium is continually maintained. 

Imit of /■ = 1 .ilm - 1 0112 ks*/cm« = 1 0112 har< Temp = * “C 


p 

t 

dP/rtl 

P 

t 

dl'/dt 


- Tig 1 l/SA*11 



•» 1 Cl«1 1 I mil let! Vaa 


17,36 

IVs 1 llltl Is V a L 

-750 

89.5* 

3.358 

mil itc V" 

-350 

266 ' 

1826 

-65 0 

8 9.5 

338.3 

-30 0 

266 

1916 

-55 0 

8 95 

.3.395 

-250 

26)6 

2006 

-45 0 

8 95 

.3397 

-24 3' 


2094 

- 35 0 

895 

.3409 

-200 

266 

2100 

-34 7' 


.3417 

-170' 



- 1 r 111,1 1 1 

III 


• Jetr V tiiif] Tec I - 


2049 

1 llHl 1 J 

-60 0 

+ 52 

6162 

-200 

077 

2091 

-.50 0 

+-19 

6160 

-150 

0 77 

2108 

-40 0 

-0 6 

6169 

-100 

0 77 

2100 

-.34 7' 


6172 

-50 

0 77 

2087 

-.30 0 

-31 

6176 

00 

0 77 

2047 

-220“ 


6175 

+ 0 16' 


2035 

-20 0 

-51 





IT ..,1 Tri 


■Ice VI and Tce-VITS. 
-80 0 


2100 

~~ IVC* ■ t (IIIH S W k *■ 

-34 7' 


19050 

.34 8 

2160 

-340 

104 

19720 

-60 0 

.319 

2450 

-310 

126 

20.320 

-40 0 

286 

2820 

-280 

149 

20860 

-20 0 

24 2 

3260 

-250 

183 

21290 

00 

179 

.3397 

-24 3' 


215.30 

+ 200 

820 


' Ice-TI and Ice-V - 

-24 3' 
-250 
-28 0 


21630 

400 

3 38 

3397 

3460 

3680 

-65 2 
-65 2 

21670 

21680 

21680 

600 

800 

81 6' 

097 

0 

0 

3880 

-31 0 

-65 2 




4070 

-340 

-652 





* Based on P W Bndffman.” with a consideration of G Tammann”* 

* Bridgman (1912) gives dP/df = 8.35 kg’/cm' "C = 8.08 atm/^C, which does not 
agree with the published values of P and t Cf note g to Table 272 

' Triple point, see Table 263 

* P W Bridgman “ , units changed by the compiler 
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mass. For aqueous solutions so dilute that t may be taken as zero, 
L — 333.6 joules/g (value at 0“C), .T = 273 1 "K, R = 8315 joules/ 
g-mole'“K, and the cryoscopic constant is £o — 8 315Mw(273.1) ^ 

(333.6M*) = 1 859 “K per (g-mole per kg of water). Experimental data 
agree with this value as closely as should be expected. For more concen- 
trated solutions, £ takes other values, depending upon the melting-point. 

Ice and Ice. 

The known pressure-temperature associations for equilibrium between 
the members of the several pairs of ices are given in the preceding table 


93. Phase Diagram for Water and the Ices 

Although P. W. Bridgman and G Tammann agree regarding the main 
features of the phase diagram for water and the several ices, they seem to 



Fict KF 13 Phase Diagram for Water and the Ices (Bridgman) 
fFrum /*/ Trif Tahies, 4, 17 (192$) 1 

ihe revtons marked, 1, 11, HI, V, and VI, are those in which the ices commonly desiffnated by 
tho^c symbols exist, L is the correapondins region for water Bridf^nan has recently obtained 
r\idence that an unstable form (1\) nay ari^e withm the region normally occupied by V, hut 
mnnot Mrsist in the presence of V, and he b«%H found a new stable form tVll) with tripIC'point 
T.. Vf'Vil at 81 6 *C and 72400 kg*/cn]* He bos carried the pressure to 4$000 kg*/cin< without 
ohtatnifig e\idence of anv other form See text 

Unit of P 1000 atm "« 1031 2 kg*/cm* * 1011 3 negadyne/cm* 


differ irrecoiicilaliK regarding the possible existence of the various unstable 
forms announced by Tamiiuiin. and tliat introduces slight differences in 
the locations assigned by them for icitain of the triple points and of the 
equilibrium air\es in tbe neighborhood of those points. It seems desirable 
for some one else to repeat the work of each, even though no evidence con- 
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firming the existence of Tammann’s Ice-IV and other unstable forms has 
been presented for many years. 

Bridgman’s complete diagram of 1912 is reproduced in Fig. 13. Since 
then he has extended his observations to 45,000 kg*/cm*, finding another 
stable form (VII) at pressures beyond 22,400 kg*/cm® on the liquid-solid 
line,®®* and an essentially unstable one, which he calls IV, that forms within 
the region normally occupied by V, but vanishes as soon as V appears.*®* 

The corresponding numerical data given elsewhere in this compilation 
are based primarily on the work of Bridgman, for two reasons’ (1) The 
program adopted for this compilation requires that the data be based as far 
as possible upon the International Criticdl Tables, and Bridgman’s data are 
given in them. (2) The form in which his data have been presented is 
more readily adapted to this compilation than is that in which Tammann’s 
data appear. 

Those interested in the subject should consult the original articles by 
G Tammann,*®'^ by G. Tammann and E. Schwarzkopf,*®* by G Tammann 
and W. Jellinghaus,*®® and by P. W. Bridgman ***• *®®‘ ***• 

94 SURFACE Charges on Water and on Ice 

At the interface between two substances there exists, in general, an elec- 
trical double-layer, the surface of one of the substances being charged 
positively and that of the other negatively ; there is a contact difference of 
potential between the substances. Under the action of an impressed elec- 
trical field, the two components of this layer are urged in opposite direc- 
tions, giving rise to the phenomena of cataphoresis and electric endosmosis. 
In many cases the components may be more or less separated by mechan- 
ical means also, giving rise to so-called frictional electricity and to the 
electrification produced by the spraying of a liquid in a gas, by the bubbling 
of a gas through a liquid, by the shattering of drops or streams of liquid 
(waterfall electricity), etc It is with such phenomena that this section 
is concerned. 

M Faraday ®®®*’ observed that when a stream of air containing minute 
drops of water flowed with pressure over surfaces of wood, brass, and cer- 
tain other substances, those surfaces became negatively charged, but they 
did not become charged if the air was dry, even though the air contained 
uncondensed steam (j|2130, 2132) On the contrary, if the surface was of 
ice it Ixicame positively charged if the air was not dry (j|2131) These 
experiments are sometimes quoted as referring to the frictional electricity 

■“ BndKman, P W , / Chem’l Phyt , 5, 9*4-966 <193?) 

Bndgman, P W , Idem, 3, 597-605 (1935) 

** Tammatm, G, jinn d Physfk (4), 2, 1-31 (1900), ’’Kristalliaieren und Schmelzen,” 1903, 
Z phynk Chem . 72, 609-631 (1910), M, 2S7-292 (1913), 18, 57-62 (1914), "Aggregatamtande,*' 
1922 

Tammann, G, and Schwarzkopf, E, Z atnra allgem Ckem , 174, 216 224 (1928) 

™ Tammann, G, and JcIIinghaui, W , Idem, 174, 225-230 (1928) 

Bridgman, P W, Prae Am Acad Arte Set, 48, 307-362 (1913), Z pkvttk Chem, 86, 513- 
524 (1913); J Frankhn Inst. 177, 315-332 (1914) 

**■> Faraday, H, "Exp Rea m EIcc Vol 2, pp 106-126 (18th seriei, 125), 1843, 
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generated by the rubbing of water on the solid, but it seems that the drops 
may have been shattered, which would have introduced complications But 
F. Fairbrother and F. Wormwell have reported that a rod of ice merely 
dipping into water becomes positively charged with respect to the water, 
whether the water is above or below 0 ®C. This indicates that friction 
between ice and water will result in giving ice a positive charge, the same 
as Faraday observed in his experiments 

The interpretation of experiments on cataphoresis, electric endosmosis, 
electrification by bubbling, spraying, and shattering of drops and streams 
of liquid is difficult, there being many disturbing effects to be considered 
and eliminated As a consequence, much of the subject is still in dispute, 
and it is not practical to give in this compilation more than a few rather 
general statements. Those interested should refer to the original papers, 
some of which are listed at the end of this section. 

A mere rush of gas over the surface of a liquid gives rise to no charge 
unless the surface is ruptured. No charge arises from the simple conden- 
sation of a vapor nor from simple evaporation nor even from the violent 
lioiling of water, not even though the surface were initially charged That 
charge remains on the surface When the interface between air and dis- 
tilled water is suddenly ruptured, the net charge acquired by the air is 
always minus , that hy the water is always plus (Gilbert and Shaw, 1925) * 
And J J Thomson (1894)* found that drops of water that have splashed 
from a wet plate are uncharged in w'ater- vapor, charged positively in air 
and negatively in H.j , increasing the temperature increases the charge, the 
gas being air 

The water nuclei observed at the foot of a waterfall are negative if their 
diameters are under 80A (lA = lO ® cm), positive if between 80 and 150A, 
and uncharged if the diaiiicters exceed 150.\, To explain this, A Buhl 
(1928)* has suggested that there are three electrified layers at an air-water 
surface A negatively charged layer at the surface, a positively charged one 
alxiiit POX below the surface, and a second negatively charged one about 
1 So \ below the surface It is not clear how’ such a distribution can be 
maint.iiiied 

111 her study of the cataphoresis of small particles in water. Miss New- 
ton (lOdOI* observed that the particles (various oils and solids) alw'ays 
moced as if ihcv were negatively charged, and that all of the same sire had 
the same mobility if they were essentially spherical; irregularly shaped 
jiarticlcs moved more slow'ly 

.\1I these types of nbserv'ation indicate that at an air-water interface 
the W'ater is positively and the air negatively electrified, but estimates of 
the amount of the charge differ It is. however, known that the amount 
of charge, and even its sign, may lie greatly affected by the presence either 
of solutes or of surface impurities, and that it vanes with the nature of the 
gas 

♦For complete rcfereiue see the following list of articles 

»«F.a.rlirotlwr. F. and W’orimrell. F. / Chem. Sor (London). U2S, 1991-1997 (1928) 
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The following articles will serve as an introduction to a study of these 
phenomena ' 

*, 389-402 (1902), Ally, T, Prer Ray Sac London (A), 
106, 315-340 (1924), Becker, A, Jahrb d Raduak , 9, 52-111 (1912) (bibliography of 60 entries). 
Buhl, A , Ann. d Physik (4). 84. 211-244 (1927), 87, 875-908 (1928), Kolloid Z , 59, 346-353 
(1932) (bibliography of 32 papers that have appeared since Becker’s list) , Busse, W , Ann. d 
Physik (4), 7ft 493-533 (1925) , Currie B W , and Ally, T., Proc. Roy. Soc London (A), 122, 
622-633 (1929), Gilbert, H W , and Shaw, P E, Proc Phys Soc London. 31, 195-214 (1925) 
(bibliogrwhy of about 100 references), v. Helmholtz H, Ann. d Physik (iVicd ), 7, 337-382 
(1879), JuriSid, 'P J, Cfiem Abs , 21 1516 (1928) ♦-fliocfccm Z, 189. 294-301 (1927), Lachs, H, 
and Biczyk, J., Rocsniki Chemii, 11, 362-375 (1931) (Polish, German summary), Lenard, P, 
Ann d Physik (Wied ), 46, 584-636 (1892), 5‘Xs. Heidelberaer Akad Wiss (A), 5, No 28 (1914), 
Lignana, M, Atti d. R Ace Set Torino, 65, 276-281 (1930), McTaggart, H. A, PM Mai (i). 
27, 297-314 (1914); Mooney, M, Phys Rev. (2). 23. 396-411 (1924), Newton, D. A, Phd Mae 
(7), 9, 769-787 (1930), Nolan, P J, Idem 1, 417-428 (1926), Nolan, J. J, Proi. Roy Irish 
. „ / „ . . .t. . .sc. g (1861), Reuss, F. K, 


, r .■ 9 'U7-/0/ s^usau. f J f Aatrm An nA/**r*o Js 

Acad, 37, 28-39 (1926), Quincke, G, Ann d Physik (Poog), 113, 513-598 
ilf3m dc la soc, imp natnrcdistes i Moscou, 2, 327-337 (1W9) -s Wiedeman'i 


s “Die Lehre von dcr 


Electricitat,” 2 ed , Vol 1, p. 993, 1893, Ruff, O , Niese, G , and 'Thomas, K , ,4nn d Physik (4), 
82, 631-638 (1927), Simpson, G C, Phil Trans (A). 209, 379-413 (1909); Thomson, J. J, Phil 
Mae (S), 37, 341-358 (1894), Zeleny, J, Phys Rev (2), 44, 837-842 (1933). 

More recent articles 

Chalmers, J A, and Pasquill, F., Phil Mag (7), 23, 88-96 (1937), Chapman, S, Physics, 5, 
150-152 (1934), Phys Rev (2), 45, i35-136 (A) (1934), 49, 206 (A) (1936). 51. 145 (A) (1937), 
52, 184-190 (1937), 53, 211 (A) (1938), Gilford, C. L S, Phil Mag (7), 19, 853-878 (1935), 
Gostkowski, K, Acta Phys Polon , 3, 343-345 (1934), Golt, T P, Proc Cambridge Phil Soc. 31, 
85-93 (1935), Kemp, I. Trans Faraday Soc, 31, 1347-1357 (1935), Malarski, T, Acta Phys. 
Polon, 3, 43-74 (1934), Milhoud, A., Compt rend. 198, 1586-1589 (1934), 200, 1091-1093 (1935), 
Mukherjee, J N , Chaudhury, S G , and Guosh, B N , Kollotd-Bcih , 43, 417-463 (1936) , Procopiu, 
S, Compt rend, 202, 1371-1373 (1936), Terada, T, and Vamamoto, R, Proc. Imp Acad Japan, 
11, 214-215 (1935) 



IV. Phase Transition 

95. Energy Changes Accompanying Phase Transition 

Tftble 271. — External Work and Change in Volume 
during Phase Transition 

Ar* - increase in specific volume when the transition takes place in 
the direction indicated by the arrow and at the indicated pressure (P) and 
temperature (t °C) under which the two phases are m equilibrium 

^ 2 . for water vapor are based on the values given in Tables 
242, 250, and 255 . the others have been adapted from P. W Bridgman’s 
compilation » and other papers.* The data for the triple-points as given in 
the 1935 paper essentially agree with those in his earlier paper,® which are 
the ones here given. 


Unit of P = 1 atm - I 0132 Lars, of An* - 1 cmVg, of PAn* = 1 joule/g Temp 
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2S0 

300 
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P 

-Water- 


0 006027 
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1S3-17 
39 26 
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1632 


Av* 
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167 * 1 
126 04 
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20 24 
7 07 
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- 1 
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2430 

-22 0> 
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Water -» Ice I — 
-f0 0900« 

0 1016 
01122 
01218 
0 1313 
0 1352 

-* Ice III 

-0 0241 
-OOWl 
-0 0371 
-0 0466 

Water Ice V — 


0 16* 

61 75 

-0 0137 

00 

6160 

“0 0137 

- ifl 

5270 

-00603 

“100 

4360 

-0 0679 

-ISO 

3680 

-0 0754 

-17 0* 

3417 

-0 0788 

-20 0 

3040 

-0 0S28 


-Water -• Tce-Vl- 


PAv* 


+126 0 
l(i9 4 
196 0 
194 2 
173 9 
1169 


4 0 0091 
6 07 
12 39 
19 01 
25 41 
28 04 


- 834 

- 8 60 

- 911 

- 966 


-129 
-12 89 
“32 20 
“29 99 
-28 12 
“27 28 
-21 10 


-11 

4640 

“0 0980 

“46 1 

-10 

5110 

-0 0960 

-49 1 

— 1 

1630 

-0 0938 

-53 4 

0 

6160 

-0 0916 

-17 1 

+ 0I6< 

6171 

-0 0916 

-57 3 

1 

6780 

-0 0884 

-<a 7 

10 

7390 

-0 0844 

“63 2 

11 

8040 

“0 0798 

-65 0 

^ Bridgman. P W , 

Int Cni 

Tables. 4, 


-14 7t 
- 31 
-41 
-11 
-M 
“75 


-20 
- 22 * 
-30 
-34 77 
-40 
-50 
-60 


-24 3» 
-25 0 
-28 0 
-31 0 
-14 0 
-34 77 


“24 3» 
-25 0 
-28 0 
-110 
-14 0 


P 

— Ice-I- 
2100 
2094 
2006 
1916 
1826 
1736 

— Icc-I -- 
2035 
2047 
2087 
2100 
2108 
2091 
2049 

— Ice II - 
3197 
1260 
2820 
2450 
2160 
2100 


Av* 

► Ice-II 

-0 2178 
-0 2177 
-0 2170 
-0 2162 
-0 2154 
-0 2146 


Ice-lir. 

-0 1771 
-0 1818 
-0 1919 
-0 1963 
-0 1992 
-0 2023 
“0 2049 


►Tcc-TlI — 
+0 0141 
0Q148 
00164 
0 0179 
00206 
0 0215 


— Ice II • 

3.197 
1460 
1680 
3880 
4070 

>Ice-IIT -» Icc-V- 


» Ice-V — 
-0 0401 
-0 0401 
“0 0401 
-0 0401 
“0 0401 


-17 0* 

1417 

“0 0S47 

“20 0 

3409 

“0 05469 

—24 3t 

3397 

“0 0546 

“25 0 

3395 

“0 05461 

“30 0 

3383 

“0 05454 

“35 0 

3358 

“0 05446 


gr ww , J rmysf , j, (1935), S, 

* Bridgman, P. W , Proe Am Acad Arts Scu, 67, 438>558 


964-966 ( 1937 ). 
( 1913 ). 


f *C 
Plv* 


- 16 14 
-46 IP 
-44 10 
“41 97 
“39 81 
“37 74 


-36 56 
“17 70 
“40 58 
“41 76 
“42 14 
“42 86 
“42 13 


4 99 
489 
4 69 
4 41 
4 10 
458 


-11 10 
-14 01 
-14 95 
-11 77 
-16 54 


-1891 
-18 89 
-18 79 
-18 78 
-18 68 
-18 13 
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Table 271. — (Continued) 


P M* POi* 


^lo 

Watc 

8710 

!r-*Ice = VI- 
-0 0751 

-663 

50 

102S0 

-0 0663 

-689 

40 

11990 

-0 0590 

-71 7 

50 

13970 

-0 0523 

-74 0 

60 

16150 

-0 0477 

-78.0 


-a 


" 52 5 

14518 

-0 0508 

-74 7 

57 2 

15485 

-0 0478 

-74 9 

660 

17421 

-0 0424 

-74 7 

73 8 

19357 

-0 0376 

-73 8 

808 

21292 

-0 0335 

-72 3 

81 6« 

21680 

-0 0330 

-72 4 


Water -♦ Ice- VII 



81 6« 21680 -0 0910 -200 0 

95 i 25228 -0 0879 -206 9 

110 5 25164 -0 0847 -215 7 

124 1 27100 -0 0817 -224 0 

157 1 29055 -0 0789 -231 4 

149 5 50971 -0 0763 -259 3 

161 1 32906 -0 0718 -2461 

172 1 34842 -0 0715 -253 0 

182 5 36778 -0 0694 -258 9 

192 5 38714 -0 0674 -264 8 



p 




T«.— V ..A T#aA.VT 


+ 0164 

6175 

-00389 

-24 34 

00 

6176 

-0 03886 

-24 32 

- 50 

6172 

-0 03866 

-24 07 

-10 0 

6169 

-003847 

-23 94 

-ISO 

6166 

-003828 

-23 81 

-20 0 

6162 

-0 03809 

-23 68 


T4.^_VT T<>«.VT1 


-80 0 

19047 



-60 0 

19715 



-40 0 

20325 



-200 

20857 



00 

21292 

-0 0567 

-122 6 

•f20 0 

21534 

-0 0570 

-124 5 

400 

21631 

-0 0573 

-125 5 

600 

21670 

-0 0576 

-126 5 

800 

21680 

-00580 

-127 5 

81 6* 

21680 

-0 0580 

-127 5 


* See also Table 201 

‘ Triple-point of water, ice-I, and ice-III 
' Triple-point of water, ice-III, and ice-V 
“'Triple-point of water, ice-V, and ice- VI 
•Triple-point of water, ice- VI, and ice- VII 
^Triple-point of ice-I, ice-II, and ice-III 

• Triple-point of ice-II, ice-III, and ice-V 


Latent Heat of Phase Transition. 

By the latent heat (L) involved in a given change in phase, is meant 
the amount of heat absorbed per unit of mass isothermal ly and reversibly 
transformed m the indicated direction The two phases are assumed to 
be and to remain in mutual equilibrium 

Latent Heat of Vaporisation — For a review of the several determi- 
nations of the latent heat of vaporization of water prior to 1930, see E F. 
Flock * Osborne and his associates have redetermined the latent heat 
from 50 "C almost to the critical point, and have concluded that the test 
formulation for t ^ 100 "C is that of expression (1), 



the unit being 1 Int joule/g, and temperatine being t °C on the inter- 
national scale.” This supersedes previous formulations and tables of L 
published by these workers, including that of Fiock,^ Osborne, Stimson, 
and Fiock,® Fiock and Ginnings,^ and Osterne. Stimson, and Ginnings ® 

•Fioclt, E V . Bur Stand 1 Rts , i, 481-505 (Rr210) (1930) 

‘Osborne, N S, Stimson, H F, nad Ginnmgs, D C» 7 Rt* ATo/ Bur Stand, 18» 389-448 
CRP983) (1937) 
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Their work, however, is continuing at the two extremes of the temperature 
range. As a result, the extreme values given by (1) are subject to revi- 
sion ; an idea of the size of the changes that may be expected can be obtained 
from Table 272, containing the most recent revision Another recent 
formulation, differing from (1), has been proposed by M Jakob and 
W Fritz ® , the values defined by it are indicated in the JF column of 
Table 272. 

Of the older data given in Table 272 for comparison, those of H. L. 
CallcnJar are unique in that they are based upon a formulation that assumes 
that identity between liquid and vapor does not occur until the temperature 
reaches 380 5 ®C, 6 5 °C above the critical temperature at which the 
meniscus vanishes 

A. W. Smith lias reported that the value found for the latent heat of 
vaporization when determined from a slow' evaporation from a still sur- 
face is about 0 75 per cent greater than w'hen it is determined from the 
evaporation produced by actual Ixiiling lie thought that the difference 
was probably real If it is, then it indicates that the vapor as it leaves 
the liquid is ixilynienc, hut quickly breaks down into ordinary water-vapor 
(cf the next paragraph, Suhltmalton). 

Latent Heat of Subhtnation — ^Previous to the observations of H T. 
Barnes and W S Vipond it was assumed that the latent heat of sub- 
limation of icc-I at 0 °C was the sum of the latent heat of fusion of ice-I 
at 0 °C and the latent heat of vaporization of water at the same tempera- 
ture; and the same is quite generally assumed today. This assumption 
implies that the vapor in immediate contact with ice is identical with that 
which is in equilihnuni with water, which second assumption need not be 
true. In fact, Barnes and Vipond reported it false They stated that 
when \apor is removed vciy quickly from ice, the latent heat is only 2540 
joules/g, whereas if it is removed slowly the latent heat is 2930 joules/g 
The first is only A6 joulcs/g ( = 16%) greater than the latent heat of 
vaporization of water, whereas the second exceeds the sum of the latent 
heats by 102 joules/g (=35%) These figures, of which the compiler 
has found no confirmation, indicate that the vapor as it leaves the ice is 
{xilymeric. and only later breaks <lown into ordinary water vapor, absorb- 
ing heat in the process Barnes thought that it was probable that in ordi- 
nary evaporation from ice and snow the change of the vapor from the solid 
into ordinary \aiior takes, place just outside the surface, and under ordinary 


•0»l)ornc N S Siinisnn, H K, ami Finclt. E F Bur Stand 1 Res, 5, 411-480 (ErzOS) 
O^IOI —iraus 4m Sor Meek Knp , S2, 191-220 {l'SP-S2-28) (1930) 

' Fioek, F F, and OiiininRs, D C. Idem, S, 321-324 (RP416) (1932) 

•Oaborne, N S, Stimson, II F, and Ginnings, D C, Meek Eng, 56, 94-95 (1934), 57, 162- 
163 (1935) 

* Jakob, M, and Fnia, W, Physik Z, 36, 651-659 (1935). Also Jakob, M. Meek Ena, 58. 
643 660 (1936) 

’•For hts reasons, see Callendar, H I-, Prae Roy Soe London (A), 120. 460-472 (1928). 
Proe last Idrehan Eng 1529, 507-527 (1929) See also p 558+ 

» Smilli, A W' , J Opt Soe Amer . 10. 711-722 (1925) 

••Barnes, H T, and Vipond, W S, Pkyj. Rev, 28, 453 (A) (1909) 
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circumstances the difference between the two would escape detection in 
vapor pressure measurements 

Latent Heat of Fusion . — The determinations prior to 1871 of the latent 
heat of fusion of ice at 0 °C have been reviewed by A. W. Smith/'* those 
between 1870 and 1913 by H. C. Dickinson, D. R Harper, and N. S. 
Osborne*®, and recently tlie entire subject has been again reviewed by 
A. W. Smith.** In the second paper. Smith’s table summarizing the early 
determinations is republished, those values need not detain us. Four 
values between 1870 and 1913 have to be considered — those obtained by 
A. W. Smith,** by A. D. Bogojawlensky,*® by U. Behn.** and by C. Die- 
terici *® These, after correction of the last two by W. A. Roth,*® and the 
reduction of all to the same basis by Dickinson, Harper, and Osborne, he 
between 79 59 and 79 69, and their mean is 79 62 calis/g ( = 333 21 joule/g) 
at 0 °C. In the same paper, Dickinson, Harper, and Osborne publish the 
results of a very careful determination by themselves, embracing 21 sets 
of observations and referring to ice from several sources. Their results 
he between 79 57 and 79.68, mean = 79.63 calin/g, which, when corrected 
for the use of a slightly erroneous value for the specific heat of ice,®® 
becomes 79 69 calio/g ( = 333 66 joule/g)* at 0 “C. Additional very care- 
ful determinations by Dickinson and Osborne®® gave 333.63 joule/g at 
0 °C. More recently O. Maass and L. J. Waldbauer,®* and O Maass and 
W. H. Barnes *•’• “ ®® have obtained the lower values f 79 42 and 79.40 
cal/g, about 332.5 joule/g, the particular calorie used is not stated, and 
the researches appear to have been much less elaborate than those carried 
out at the Bureau of Standards. The value obtained by that Bureau and 
published in the International Critical Tables is given m Table 272. 

As long ago as 1850, C. C Person pointed out that there is an inci- 
pient melting of ice before the temperature has risen to the tiue melting 
point, and that to ignore this may seriously affect the value obtained for 
the latent heat of fusion. J Y Buclianan -’* called attention to the same 
thing, and showed that such melting arises from the presence of impurities 

* The energy was measured electrically and reduced to caha on the assumption 
that 1 caliB = 4 187 joules This values, which is greater than the one (4 185) now 
accepted, was used in the reverse conversion 

t These seem to have been derived from the work of W H Barnes and O Maass “ , 
see remarks in Section 69 

“ Barnea, 11 T , “Ice Engineering,” p 31. 1928 
"Smith, A W, Phyi Rev, 17, 193-232 (1903) 

^‘’Dickinson, H C, and Harper, D R, and Osborne, N S, Bull Bur Stds , 10, 235 266 (S209) 
(1913) 

la Bogojawlensky, A D, Schrift Dorpater Naturf Ccs , 13, (1904) 

" Behn, U, Ann d Physik (4), 10, 653-666 (1905) 
u Dieterwi, C , Tdcm, 16, 593-620 (1905) 

Roth, W A , Z phystk Chem . 63, 441-446 (1908) 
aa* See Dickinson, 11 C , and Osborne, N S, BnU Bnr Stds , 12, 49 81 (S248) (1915) 

*a Maass, O, and Waldliauer, L J, 3 Am Chem Soc , 47, 1-9 (1925) 
a Barnes, W. H, and Maass, O, Can J Res. 3, 70-79, 205-213 (1930) 

■ Person. C. C . Ann Chtm et Phys (3). 30, 73-81 (1850) 

a Buchanan, J. Y, Proe Roy /nst'n Crt Brit, 19, 243-276 (1908), Proe Roy Soe Edin- 
burgh. 14, 129-149 (1887) -* Aotiire, 35, 608-611, 36, 9-12 (1887). 
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Table 272.— Latent Heat of Change In Phase 

The latent heat (L) is the amount of heat absorl^ unit of mass 
isothermally and reversibly transformed m the direction indicated Iqr the 
arrow; Av* = increase in the specific volume assoaated with that trans- 
formation ; P — pressure at which the two phases are m equilibrium at the 
indicated temperature ; \E = L — PAv* = increase in internal energy, 
and L/T = increase m entropy, each per unit of mass transformed. The 
values of P-Av* have been taken from Table 271. 

For the water -♦vapor data the O values are to be preferred. They 
are given directly. The values corresponding to any of the other sets of 
data will be obtained by adding the appropriate value of AL to the corre- 
sponding O value of L ; e.g., the KSG value for 10 ®C is 2476 48 — 0 30 = 
2476.18; the WT value for 0 °C is 250000 - 11 = 2489. 


Unit of L, P^v•. and - I Int joule/* = 0 2389 cal,y* Temp =t‘C= (273 1 + t) ‘K 
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Table 372. — (Conlimied) 

II. Ice Vapor (See text, Subltmalion.) 

III. Water — » Ice , Ice — » Ice. P. W. Bridgman.* 
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Keyes, F, G , Smith, L B , and Gerry, H, T , Proe Am Acad Arts Set . 70, 319- 
364 (1935) 



618 PROPERTIES OF ORDINARY WATLR-SUBSTANCE 

Table 272 — (Continued) 

O Osborne, N S , Private commnntcaiton, 1938 

OSG Osborne, N S . Sliniwm, H F . and Ginnings, D C superseding both Meek Eng , 
SI, 162-16J (19JS) and Oslioiiie, Stimson, and Kiock * 

WT Holborn. L . Scheel, K . and Henning, b , “Warmetabellen,” 1919 

* This latent heat of fusion of ice-I is from the compilation by R de Forcrand 
and L Gay * and is based on observations by H C Dickinson and N S Osborne “ 

'Triple-point of water, icc-I, and ice-III 

'Triple-point of water, ice-III, and ice-V. 

'Tnple-pomt of water, icc-V, and ice-Vl 

' Triple-iioiiit of water, ice-VI, and ice-VII 

*fn computing these values of L for icc-I to icc-ll, Bridgman used dP/dt = 808 
atm/*C instead of the value (895) dchned by the values of P in Table 270, pre- 
sumably in order to make the L\ satisfy the triple-point condition He used the 
same value for all tcmpeiatures It is obvious that the values given for — 34 7 °C 
are discordant with those given for lower teiniierdtures 

* Triple-point of ice-1, ice-II, ice-III 

* Triple point of ice-II, ice-III, and ice-V' 

* The values of \II given in Bridgman’s Table XXI are obviously inconsistent 
with the values of An .itid of the adjusted values of dP/dt given in the same table 
The values of I. here giitii have Ixcn computed by the compiler from those values 
of Aj' and adjusted dP/dl, and the values of A/; liave been changed accordingly 

' Callendar gives the folloviing valms for the latent heat of vaporization at 
higher temperatures 375 °C. 245 3, 377 °C, 186 3 , 380 °C. 481, and 380 5 °C. 
0 joule/gram 


included in tlie icc Nevertheless, this source of error has frequently been 
overlooked It has, however, been carefully considered in the more elabo- 
rate of the recent determinations 

Latent Heat of Icc to Icc — The values ffiven m Table 272 for the latent 
heat involved in the transition of one form of ice' to another are based 
almost exclusively upon the w ork of P W Bridgman and have been 
coin])utcd by means of Clapeyron’s equation L = T ^v* dP/dT, w'here 
T (=273 1 -f / "C) IS the absolute temperature, and Aw* is the 
increase in specific \ oluine w hen the transition takes place in the indicated 
direction. 

Miscellanea — P Walden^® has announced that ML/T has nearly the 
same value (13.S cal/°K per g-molc = 56 5 joule/°K per g-mole) for all 
normal liquids when they freeze, re, if the molecular wreight (M) of the 
liquid is 18015 the increase in entropy during transition IS L/T = 3 14 
joule per gram '’K Values of L/T are included in Table 272. 

From the fact that L/T has, rougbl,v, the same value whether water 
freezes to ice-I, ice-Ill, ice-V, or ice-VI, G. Tammann concluded that these 
four tyjxs of ice are isometric, differing only in the distance between adja- 
cent molecules, not in the grouping of atoms in the molecules ^ 

■■ Bndgman. P W , Proe Am Arad Arts Set, 47, 429-SS8 (1912) 

•• Walden, P , Z EleUroehem , 14, 713-724 (1908) 

" See Tammann, G . “Agregatzustande.” p 143-144, 1922 
"de Forcrand, R., and Cay, L., Int Cnl Tables, S, 131 (1929) 

^ Dickinaon, IT C, and Oahome, N S, Bull Bar Stand, 12, 49-81 (S248) (1915) 
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Disposable Energy from Isopiestic Change in Phase. 

The maximum amount of external work that can be obtained from an 
isothermal change in phase under a constant pressure is IV tp + P Av, 
where Av is the increase in volume As an amount of work equal to P Aw 
must be expended against the pressure P, only the amount Wtp is dispos- 
able for other purposes Proceeding as in Section 6, and using the same 
constants as were used there, one obtains formulas (2), (3), and (4), 


Table 273. — Disposable Energy from Isopiestic Change in Phase 

When the change occurs isothermally and at a constant pressure, the 
disposable energy is Wtp = tv — f(T, P) : f{T,P) = + 0008315T log* 
(P/A) for each of the changes water— ►vapor and ice-I -► vapor, and 

j{T,P) = + / (^v)rdp for water -^ice-I The following values have 

been computed by means of formulas (2), (3), and (4) , itv = 7c;/1801S4. 
For the change water — ► vapor, w is exactly zero at 100 °C , the finite value 
(—004) defined by formula (2) arises from errors in the constants used 
in deriving the formula 


Unit of at “ 1 kj/iffw-HgO, of av = I j/g Temp ~ — T ®K 


( hangc 

water H 

> vapor 

icr-1 ■ 

-> V ipor 

water - 

■* ice-1 

/ 

T 


Wt 

w 

tc. 

w 

u'r 

-30 

243 1 

-15.13 

-851 

-1592 

-882 

+0 587 

4 .12 6 

-20 

253 1 

-14 07 

-781 

-1448 

-804 

+ 0413 

+228 

-10 

263 1 

-12 83 

-712 

-13 04 

-724 

4 0 213 

+ 11 8 

0 

273 1 

- 11 60 

-644 

-11 W) 

-644 

0 

0 

4 10 

283 1 

-10 39 

-.577 





20 

293 1 

-918 

-510 





40 

313 1 

-6 82 

-379 





60 

.333 1 

-4 51 

-250 





80 

353 1 

-2 24 

-125 





100 

373 1 

-0 04 

-2 






which are indeed merely the differences lx:tween the eipiations there obtained 
for the corresponding pairs of pliases, excepting the last term in (4), which 
was there ignored as negligible with respect to the large value of W for 
the formation of the individual phase As before, A denotes the pressure 
of 1 atm, temperature — t °C = T “K Values computed by means of 
those equations are given m Table 273 

Water to vapor: 

(IVrp) = - II S99 + 0 12216/ - 2697(//10(M))- + 1 547.tf//1000)‘‘- 10 517 X 
{(7-/273 1) log. (7-/273 1) - 1/273 1} - 0 0083157- log. (/V^f) 
kj/rfw 

Ice-I to vapor 

(IVrp) = - 11 599 + 0 14417/ - 71 622(//1000)’ + 1 5473(//1000)’ + 9 941 X 
{(r/273 l)log,(7-/273 1) - 1/273 1} - 00083157- log.(/V^) 
kj/gfw 


( 2 ) 

( 3 ) 
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Water to ice-I : 

(Wrr) = - 002201/ + 68925(//1000)*- 20 458 {(r/273 1) log(r/273 1) 
— 112731 } — (Ai')rrf^ kj/gfw 


( 4 ) 


96 Vaporization and Condensation 

With certain restrictions which will appear, this section may be said to 
deal exclusively with kinetic phenomena In it are considered those phe- 
nomena that accompany the transition, direct or reverse, between water- 
vapor and a condensed phase — water or ice — and that cannot be derived 
directly and solely from observations made under equilibrium conditions 
Among the data that are thus excluded are : pressure-volume-temperature 
associations for (a) dilated water-vapor. Section 14, (b) water and steam 
at saturation, Section 88, (c) ice and saturated vapor. Section 92, steam- 
tables and diagrams. Section 90; energy changes accompanying phase tran- 
sition, Section 95. 

Two distinct classes of problems have to be distinguished One is con- 
cerned with the escape of molecules from the denser phase, and with their 
capture by it. The other has to do w ith the net transfer of substance from 
one phase to another under certain sjiecific conditions — with the lack of 
balance between the escape and the capture of molecules under those adven- 
titious conditions Problems of the first class are the more fundamental ; 
those of the second are of the greater technical importance, and to them the 
terms "evaporation" anti “condensation” will be restricted, in accordance 
with common usage. 

Escape and Capture of Molecules. 

General Relations — Let a = the ratio of the number of vapor molecules 
that are caught by the surface of the denser phase (liquid or solid) to the 
nunilier that strike it in the same time, and w, = total mass of the vapor 
molecules that strike unit area of the surface in unit time when the vapor 
IS saturated with reference to the surface Then the total mass of those 
vapor molecules that enter the denser phase, per unit area and per unit 
time, under those conditions will be am*, and the corresponding number, 
file, that escape will be the same, tn, = am,. All three quantities depend 
upon the teniiierature of the surface itself. 

The quantit)' a. here called coefficient of capture, is sometimes called the 
accommodation coefficient, and the failure of the surface to catch all the 
molecules striking it is sometimes described as a reflection of the molecules. 

From a knowledge of the temperature and of the molecular weight and 
pressure of the saturated \apoi, m, can lie readily computed within a small 
range of error, depending iiiwn the departure of the vapor from the ideal 
state, and that error can be allowed for whenever other conditions justify 
the trouble. Hence a can be determined if m, can be measured. Such 
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IS the procedure followed, it being assumed that fn, and « are each inde- 
pendent of the pressure of the overlying vapor, and that the vapor and the 
surface are at the same temperature. Unless the radius of curvature of 
the surface is great with reference to the mean free path of the molecules of 
vapor, ntc and a may be expected to depend upon that curvature In the 
rest of this section it will be assumed that the surface is essentially plane. 

If M = the number of molecules per unit volume of the saturated vapor 
and V = their mean translational velocity, then the number (n,) that strike 
one side of a unit area per unit of time is* n, = nv/4 = NPmt/i2irMRTy ®, 
and nit = niM/N (see Table 12). For water, = 624 

molecules per cm^sec, and m, = 0 1857P,at/T‘’ ® mg per cm^sec, the unit 
of P„t being 1 dyne/cm*, and the temperature being T °K. 

The determination of »n« is exceedingly difficult, resting upon extra- 
polation from observed rates of evaporation that are less than 0 005 and 
often less than 0 00002 as great as »»«, and as yet, only inferior limits to »h„ 
have been obtained The observed rate of evaporation is limited by (1) 
the rate at which Ihe vapor can be removed from the surface of the denser 
phase, and (2) the rate at which heat can he supplied to the surface (see 
Table 274) The first is very seriously limited by the presence of a 
stagnant layer of gas (or vapor) that always clings to the surface, and 
through which the vapor passes by the slow process of diffusion (see 
p, 624), 

That Mt IS finite, that at a given temperature there is a definite limit to 
the rate of evaporation of a given liquid, has long been recognized.*® 

Coefficient of Capture — The only available estimates of a for w-ater 
seem to be those of T Alty,*‘ of T. Alty and C A. Mackay,** and of 
T Alty and F H Nicoll,** of which that of 1935 supersedes all the others. 
In that, the temperature of the surface is inferred from the observed sur- 
face tension, and the value found for a is 0 036 for a surface temperature 
of 10 °C. The corre.sponding value of w, is 4 9 nig/seccin*, which repre- 
sents a thermal current of 12 13 watts/an^ through the surface, which in 
turn could be supplied by conduction through the water only if the temper- 
ature gradient were 2100 °C/cin. Obviously, convection must play a most 
important part in supplying the necessary heat. Their earlier and less 
accurate work (Alty, 1931 ; Alty and Nicoll, 1931) indicated that the value 

♦ If all the quantities are expressed in egs units, then Ihe unit of n, will be 1 mole- 
cule/cm’sec , if all except are in such units and the unit of i* is q dyncs/cm’, 
then the unit of », will be q molecules/cni'sec The quantity RT is of the nature 
of pressure times specific volume, if the unit of this pressure as well as that of P,,t 
IS q dynes/cm“. those of mass and volume being 1 g-mole and 1 cm", respectively, then 
that of II, will be q"' molecules/cm'sec If the unit of pressure is 1 mm-Hg, q = 
1333.22 and q" = .36 513 

» See Mache, H . SUtb Akad IVtst H'kh (Aht lit). 1I», 1399 1423 11910) , Z Phyitk, 107, 
110*321 0937), and for earlier ofi^ervations related to thin subject, Winktemann. A. Ann d 
Pkvitk (W\ed), 22, 1-31 (1884), 23, 203*227 (1884), 28, 105-134 (1885), 35, 401*410 (1888), 
it, 93-114 (1889) 

••Ally, T, Proc Kn Stc London (A), 131, 554-564 (1931), Nature, 130, 167.168 (1932); 
Phil Mag (7), IS, 82-163 (1931) 

•» Alty, T , and Mackay. C A . Prof Roy Soe London (A), 149, 104-116 (1935) 

"Alty, T„ and NwoII, F H , Can. I. Rat, 4, 547-558 (1931). 
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of a for water decreases as the temperature increases In that work the 
temperature of the surface was assumed to be that indicated by a thermo- 
junction. 

Alty and Nicoll concluded that a = 1 for benzene (CoHo) at 30 °C, 
and R Marcelm found a >01 for ether [(CoHsjaO] and for carbon 
disulpliide (CSa)’^, for nitrol>enzene (C6H.',NOa), solid naphthalene 
(CioHs), and solid iodine, he found tliat a ranged from 0035 to 0 25, 
increasing with the temperature, which w'as varied from 40 to 60 °C 
Alty has now extended his observations to include the case of vapors 
striking each its own crystalline phase, and finds that in every case exam- 
ined, whetlier the condensed phase is luiuul or crystalline, a = 1 if the 
dipole moment of the substance is zero, but is small if the dipole moment 
is great Ice was not among the solids studied 

Temperature Adjustment — It seems that, whereas, only a very small 
fraction of the vapor molecules striking a water surface enter it, never- 
theless “all of them reach temiierature equilibrium with the surface before 
re-cvaporating” into the vapor These authors call the coefficient that 
measures the approach to such equilbnum the accommodation coefficient 
Change m Aswciahon — In the pr<x:ess of changing from one phase to 
another there is, in general, a change in the degree of association of the 
molecules. The observations ( p 000) of A W Smith on the vaporiza- 
tion of water, and those of H T Barnes and W S Vipond on that of 
ice, indicate that in each case the vajxir is jKilymenc as it leaves the denser 
phase, but quickly breaks down into ordinary (unassociated) water-vapor 
This suggests that tlie change in association will usually occur in the phase 
into which the molecules that are licmg considered are entering, rather than 
in the one from which they come 

Evaporation. 

An extensive, annotated bibbograpln of evaporation, chronologically 
arranged and covering the rears 1670 to the early portion of 1909, w'as 
published by Mrs Grace J. Livingston’*, and a theoretical treatment of 
sublimation has been given by S Miyamoto •’* 

In the following, the term evaporation will lie used to denote the net 
loss of substance from the surface of the denser phase (water or ice) in a 
given time, sometimes per unit surface, sometimes for a given total surface, 
as may appear. 

Superheating.* 

It IS improliable that the free surface of a liquid can be heated almve 
* Note 1 $ on p 623 

“Marcelm, R, J rSim fSvr , 10, 680-690 (1912) 

“Marrelin, S, CompI rend, ISt, 1674-1676 (1914) 

“Ally, T. Proc Koj 5or London (A), Ul, 68-79 (1937) -♦ Aaltirc, 139, 374 (L) (1937) 
"Alty, T, and Mackay, (' A, Pne Ray Soc London (A), 140, 104-116 (1935) 

_ ft father Rev. 36, 181-186, 301-306, 375-381 (1908), 

37, 68-72, 103 109, 157-160 193-199, 248-252 (1909) '■ >> 

•Miyamolo, S, Trams Faraday Soe , 31) 794-797 (1933). 
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the temperature at which the pressure of the vapor in equilibrium with it 
equals the total existing pressure on the surface, but the bulk of the liqiuil 
can be readily superheated (p 579), and will always become superheated 
before boiling occurs The increase in vaporization that accompanies the 
growth of the bubbles draws upon the liquid for heat, which can be sup- 
plied only if the temperature of the liquid is higher than that of the surfuce 
of the bubble This raises the question . Does the escaping vapor have its 
normal temperature — the temperature at which the vapor and a plain sur- 
face of the liquid will be in equilibrium when the partial pressure of the 
vapor is equal to the total pressure of the existing gas phase’ It is 
generally believed that its temperature will be normal, but certain obser- 
vations by Jakob and Fritz were, at least for a time, taken as indicating 
that the temperature of the escaping vapor is abnormally high That 
interpretation seems to have rested on the assumption that the escaping 
vapor must have the temperature of the liquid in bulk, whereas Us 
temperature must be that of the surface of the bubble, which is lower 
F Bosnjakovic has shown that the observations arc entirely consistent 
with the vapor having its normal temperature, if each bubble may be 
regarded as surrounded by a layer of stagnant water 17 thick, through 
which heat passes by conduction onl^' II B Reithnger found that, 
when water is expanded by passing it through a suitable nozzle, it does not 
suddenly vaporize wlien its pressure has been reduced to that of the vapor 
saturated at the temiicrature of the water, but only when the pressure has 
been reduced still lower 


Some Pallors Affecting Evaporation 

Curvature oj Surface — At a given tcmix’i aturc the eiiuilibrial jircssure 
of the vapor in contact w'ith a concave surface of its liquid is less than that 
over a flat surface If the surface is a section of a sphere of radiii'T r, the 
fractional decrease in the pre.s.sure will l>e Sp/p = 2yM/pR7r approxi- 
mately (p 568), where y = surface tension, p ~ density of the liquid 
Consequently, evaporation from such a surface will be slower, and conden- 
sation upon it w'lll be greater, than on a flat surface at the same temperature 
and 111 contact with vapor of the same density And for a given common 
density of vapor there will, w’hen possible, be a transfer of substance, by 
evaporation, from the flat to the concave surface when they are kept at the 
same temperature 

Over a convex surface the eciuilibrial pressure is greater than that over 
a flat one at the same temperature, and the several effects just inentioncd 
are modified accordingly 

The liquid within capillary spaces is subjected to tension if the con- 


* Jakob, M , and Fnta, W. Tichn Much Thermod , 1, 173 181, 216-240 (19101. Forseh Gehtgt 
Innmedrw, 2, 435-447 (1911), J.aknli, M, Chem Apparat , 19, 109 111 (1932), Schreber, K 
Dmglert Polyteck J . 345, 189-191 (1910), 345, 21-27, 41-46, 61-6) (1931), Z Uchn Pkynk, 
14, 81-85 (1933), «c also J.ikob. M . Mrek Png, 51, 643-660 (1936) . Frit*, W . and End*, W , 
Phynk Z, 391-401 (1936) Vntr. W , and Homann, F. Idem, 37, 873 878 (1936) 

^ BoSnjakovi£» F, Tcchn Meek Thermod, 1| 3S8 362 (1930) 

Reitlinger, H B, Compt rend, 198f 2290-2292 (1934) 
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cavity of the capillary surface is directed away from the liquid (pressure, 
if towards), and this may modify both the coefficient of capture and the 
surface tension. Such effects will probably be inappreciable unless the 
spaces are very small If the radius of the space were 1 ft ( =0.0001 cm) 
the tension for water would be of the order of one atmosphere. G. A 
Hulett^* has reported observations which he thought indicated that water 
subjected to hydrostatic tension evaporated less slowly than w’ater not 
under such tension , and W A. Patrick and N. F. Ebermann have pub- 
lished observations which they thought indicated that the pressure of vapor 
in equilibrium with a very concave surface of its liquid is less than that 
computed by means of the formula just given, unless to y is assigned a 
value in excess of that found for much flatter surfaces (pp 513 and 568) 
But the interpretation of each of these sets of observations is difficult See 
also, p. 631, M Polanyi,*® and A N Frumkin **• 

Blanketing Layers and Surface Films — ^The rate at which vapor can 
actually leave the surface of a denser phase is very seriously limited by the 
presence of a stagnant layer of gas or of vapor that always clings to the 
surface, and through which the escaping vapor must pass by the slow 
process of diffusion. The thickness of this layer varies with the conditions 
For a freely exposed surface in a wind or a stream of gas, it is estimated 
to Ije a millimeter or less^^ 

R. Marcelin has conclude dthat, under steady conditions, the surface 
of a liquid has the temperature at which it will be in equilibrium with the 
adjacent vapor at its existing partial pressure That is, a liquid is con- 
tinually blanketed by a layer of its saturated vapor. Presumably the same 
IS tnie of a solid Rut it must he remembered that whenever there is an 
evaporative loss from the denser phase the temperature of the surface will 
be less than that of the bulk of the substance 

Of ’those who have studied the effect of thin surface films, and especially 
of monomolecular films, upon the rate of evaporation of a liquid may lie 
mentioned G Hedestrand,^® N K .\dam.*^ E K Rideal.^® and I. and D B 
I.angmuir,^* The work of Rideal and that of the Langmuirs have been 
disaissed by T Alty.®* For various reasons, none of this work is suitable 
for an estimation of the coefficient of capture (p. 621). Hedestrand and 
•■^dam found that the presence of a monomolecular film produced very little 

*' Iliilftt, C A. Z /•hvtit Chrm , «, 15^ 168 (1001) 

^•Patrick, W A. and Flwrniann, \ K 1 Ph^s'l Client 29, 230 228 (1925) Cf Shereshefak) , 
I U Am Ckfm Soe, SO, 2966 2980. 2980 2983 (1938), I .itliam. G H. Idem, SO, 2987-2997 
(1928) 

"PoIanM, M. PAvait Z Sim'j , 4, 144 154 (1911) 

•••rruinkin, A N, Idem, 4, 154 135 (1931) 

“Jeffreya, H, PM Map (6) 35. 270 280 (1918), Cibleit, M A. Pm Roy Sec London 
(4), 99. 472-490 (1921) 

^ Marcrtm. K / rkim phys , 10 , 680-690 (1912), arc alao Compt rend ^ 154, 587-589 (1912), 
151, 1419-1421 (1914). 

«• Iledcstrana, C, / Phyi'l Chrm 28, 1245-1252 (1924) 

41 Adam, N K.. Idem. 29. 610 611 (1925). 

•Rideal. G K. Idem. 29, 1585-1588 (1935) 

"Langmuir t , and D D. Idem. 31, 1719-1731 (1927) 

“ Mty, T. Proe. Roy Soe London (Al, iSt, 354-564 (1931) 
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effect upon the observed rate of evaporation; that being so very much 
smaller (1/50000) than i«* (see Table 274), no certain conclusion can be 
drawn from it regarding the effect of the film upon »*«. At a much greater 
rate of evaporation (0004 mi,), Rideal found that such films produced a 
marked effect, m some cases reducing the rate by SO per cent. The Lang- 
muirs discuss these observations, interpreting them in terms of the resis- 
tance offered to the passage of the vapor tln-ough 3 distinct layers: (1) a 
layer of stagnant water below the film, (2) the surface film, and (3) the 
layer of stagnant air above the water. They suggest that the surface film 
itself offers little, if any, resistance to the passage of the vapor ; but from its 
effect on the surface-tension it prevents the irregular surface streamings 
that would otherv^ise exist and that would prevent the formation of a 
stagnant layer of water at the surface. The effect of the film upon the rate 
of evaporation is, in their opinion, a secondary one, arising from the 
attendant formation of a stagnant layer of water, of which they estimate 
the thickness in one case to be 0 2 mm. 

Convection — That convection currents in the liquid may, and in most 
cases will, play an important role in the rate of evaporation, even when 
that is only a small fraction of m, is obvious from the enormous magnitude 
of the temperature gradient (Table 274) that is required if the necessary 
heat is to be supplied solely by conduction through the liquid. See also 
the latter portion of the preceding paragraph 

W%nd — wind blowing along the surface tends to sweep away the 
vapor, and in that way to increase the evaporation. Formulas expressing 
this effect will be found in Table 275, and illustrations of it in several places 
in this section To the references there given, may be added M Centner- 
szwer, C Wekerowna, and Z Majewska 

Aspect oj Surface — Other things being the same, the evaporation from 
a vertical surface i.s nearly twice as rapid as that from a horizontal one 

Electric Charge — R Sutton •** has quoted various opinions and 
observations regarding the effect of electrically cliarging the vessel from 
which a liquid is evaporating By actual observation, he found that the 
rate of evaporation was the same in all cases, whether the vessel was insu- 
lated, earthed, or charged. 

Cooling by Evaporation. 

The surface from which evaporation is occurring is cooler than it would 
otherwise be, and that on w'hich condensation is occurring is warmer. 
Indeed, it is obvious from Table 274 that thermal conduction through water 
IS totally unable to prevent a very great cooling of the surface when evapo- 
ration can proceed entirely unhindered Even under laboratory conditions 
the cooling is far greater than many w'ould expect For example, T. Alty 

■K cntnerszwer, M, Wckeniwna* C\ and Ma;ew»ka, Z, Hull Ini Acad Polcnatse (Craeovte) 
(A), 1932, 369-362 (1932). 

••HineWey, J. W , / Soe Chein Ind , 41, 242T-246T (1922) Sec also Hilpert, K , Forsehungs- 
heft, 355 (1932). 

** Sutton, J. R, Set Proc Ros Dublin Soe, 11, 137-178 (1907) 
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has found by extrapolation that when bodies of water maintained at 60, 40, 
and 18 °C evaporate into dry air, then the temperatures of their surfaces, 
as measured by means of a thermojunction, he below those of the body of 
the water by 28, 22.5, and 12 °C, respectively. And H. G. Becker ha» 
reported that when water is evaporating in free air and from a vessel 
immersed in a bath kept at 100 “C, then the temperature of the water (not 
of its surface, but of the water in bulk) will be 70 °C m still air, 60 °C in a 
moderate draft, and only 54 °C in a strong draft , and that if the tempera- 
ture of the water is to be kept at 100 “C under those air conditions, then 
the bath must be heated to 170, 197, and 215 °C, respectively. 

Obviously, the increased cooling produced by blowing air over a water 
surface depends upon the initial humidity of the air, and may be increased 
by heating the air.®* 


Table 274. — Some Data Pertaining to the Evaporation of Water 

See also text (p 620+) and Table 12 

11 , = number of moleailcs of saturated water-vapor tliat strike a flat 
area of 1 cm® in 1 sec , i», is the aggregate mass of these molecules , = 

saturation pressure at temperature t “C , /», = heat that must be supplied 
per cin®sec to compensate for the evaporation of «*, of water per cm®sec., 
dt/dx = temperature gradient that must exist m the water near the sur- 
face when the rate of evaporation is »i, and all the heat h, is supplied by 
conduction through the water, the thermal conductivity at those gradients 
being assumed to be the same as under usual tonditioiis The values of 
h and of dt/dx have been computed from »w, by means of the data in Tables 
272 and 130 If the unit^f />,,( is 1 mm-Hg, then «, = 10-'* (8 32)/>,Bt/\/T7 
and tti, = 0 2476/»„t/V^ grams, T °K being the absolute temperature 
(See p 621.) 

Umt of /»■•« ■■ 1 mm Hr, of Mt ~ 10® niolrcwle^ per (cm^ec) , of m* = 1 g per (cm-KC), 
of fc. = 1 kilowatt per cm*, of dt/dx 10" ®C per cm - 10 "C/n 


t 


«• 

Wlf 

h. 

it/dx 

O’C 

4S8 

0 23 

0 069 

017 

0 31 

f, 

6 54 

0,33 

0 097 

0 24 

0 43 

10 

9 21 

046 

0136 

0 33 

0 58 

IS 

1279 

oia 

0187 

046 

0 79 

20 

17 54 

0 85 

0 254 

062 

106 

25 

23 76 

1 15 

0 341 

083 

14 

30 

31 82 

1 52 

0 453 

1 10 

1 8 

40 

55.12 

260 

0 774 

1 86 

30 

SO 

92 5 

43 

1 28 

30 

48 

60 

1494 

68 

2 02 

48 

73 

80 

3551 

157 

468 

108 

15 7 

100 

7600 

328 

9 74 

220 


Rate of Evaporation. 

As the rate of evaixjration dqiends upon the existing conditions, which 

Rccker. H G, Proc Roy Dubhm Sor (N S }, 17, 241-248 (1923) 

•• Scott, A W , J Ro\ Tcchn Coll Closgow^ 2, 620-629 (1932) 
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may vary widely, formulas, of various types have been used to represent it, 
each assuming the existence of certain specific conditions Some of these 
formulas have been assembled in Table 275 , comnients regarding them will 
be found in the accompanying notes In general, the two phases are 
assumed to have a common temperature, and no attention is paid to the fact 
that the surface is quite significantly cooler than the rest. The surface 
temperature, though unknown, is definitely fixed by the conditions of the 
problem, and thus implicitly enters into the values found for the coefficients 
in the empirical equations. 

The effective partial pressure (/>o) of the vapor m the la3'er adjacent 
to the liquid surface (that is, the partial pressure that must be assumed 
if the removal of the vapor is to be accounted for by pure diffusion) has 
been studied by H Mache for the case of water contained in vertical 
cylinders. As the length (h) of the cylinder above the surface of the 
water increases, the rate of evaporation decreases, and po approaches the 
saturation pressure corresponding to the tcmpcatiire of the system (Table 
276®* 

The rate of evaporation, per unit area, from large areas (lakes, etc.) 
IS about 2/3 of that from small pans, and that of sca-watcr is about 5 per 
cent less than that of fresh water ®® 

Phenomena associated with the evaporation of very small drops are 
considered below (p 631) For cvajioration from snow, see Table 281 
To references given elsewhere, may lx; added M Allen 

Table 275. — Formulas for the Rate of Evaporation 

(Adapted from compilation by A C Egerton,®’ with additions ) 

Quite recently, F G Millar®® has discussed previously proposed for- 
mulas, and has derived a new one which is thought to be sounder and more 
generally applicable The original paper should lie considted 

A = area of the evaporating surface, V = vipi/ P , where Vi is the total 
volume of vapor (as measured at 7'°K and pressure pi) that leaves the 
surface in unit time, P = total pressure of the gas phase, T °K = temper- 
ature of the system, p, = pressure of the vapor when saturated at T °K, 
po = partial pressure of the vapor in the blanket adhering to the surface, 
P = partial pressure of the vapor in the gas (air) to which the evaporation 
occurs (in that blowing over the surface, or at the upper and open end of 
the cylinder containing the liquid), h = distance from the surface of the 
liquid to the open (upper) end of the vertical cylinder containing it. r = 
radius of a circular cylinder or of a spherical drop, a and b = principal semi- 
axes of the transverse section of an elliptical cylinder, w = velocity of gas 

» Mache, H, Sitg -b Abad Wiss IVten (Ait Ha), IW, 1J99-1423 (1910) 

"See alio, Trautz, M, and Muller. W, Ann d Phys\k (>), 22, 333 352 (1935) 

■•EBerton, A C , Int Cnt Tables. S, 54 (1929) 
ea Allen, M , Proc Nat Acad Set , 10, 88-92 (1924) 

•> Egerton, A C , Int Cnt Tables, 5, 53-55 (1929) 

Millar, F. G, Can Meteorolon Memoirs, 1. 43-65 (1937) 
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Table 275. — { Continued) 

(air) pariillel to the evaporating surface, D = coefficient of interdiffusion of 
the vapor and gas (air) corresponding to T and P, »»= total mass evaporated 
per unit of time, m = VPM/RT where M — molecular weight of the 
vapor, and R — the universal gas-constant per g-mole. 

V — CiD loge {(-P — />)/(P — />o)}. If />o IS small in comparison 
with P, this expression for V is essentially equal to V = CiD{po — p)IP, 
and m = CiDM(po — p)/RT. If po is small and p = 0 (air perfectly 
dry), then V = CiDpo/P. 

Umt of a, h, r, and li * I cm» ot 1 cm®, of /> — 1 cm*/iiec, of ” 1 cmVsec, 
of tv — 1 m/ace, of m as indicated 

1. Theoretical formulas Unit of m 1 g/sec 

Gai turbulent and streaming* 

Circular area, A = 0. 

If w is vanishingly small, m is proportional to r, if a; is finite, m = 39 5po(D.ay)’'‘ 
■where pi = density of the vapor in the blanketing layer, and D, = effective 


coefficient of diffusion. 

Condition* 

Gas quiescent 

h G 

Ref' 

Cylinder, Elliptical 

0 

4\/ah 

1 

Cylinder, Circular 

0 

4r 

1 

Cylinder, Circular 

h 

4{(/t--+ rY’-^-h) 
nYlh 

2 

Cylinder, Circular 

>2r 

3 

Cylinder, Any 

>2r 

A/h 

3 

Concentric Spheres 


4vTir,l{r» — n) 

4 


II Empirical formulas Unit of m = 1 g/lir 
Circular cylinder*' tn = lOOOCtr", where Ci = 5 + 25e'“ and » = 20 — 060<r‘‘ 
Flat rimless surfaces tn — Aki(l + ki%v)f, f being a function of p, p„ and P 


1^1 


1 


Ref' 



- PI/P^Pi 
{fp.-plfPV- 

5 

I.aval 

2 02 

0 85 

0 

Hinchley 

2.% 

044 

(P. - P)/P 

0 

Himus and Hinchley 

U027M 

224 

P.IP 

7 

Hme 

(149 

2 24 

P./P 

7 

Hine, for water 

127 

I 12 

(p.-p)/P 

8 

FitzGerald 

, 

0 0(j3 

9 

Bigelow 


0 293/ic''-' 


10 

Grunsky 



(p. + />. - 2p)/P 

11 

Marvin 

1 08 

0 764 

(y. - p)/P 

12 

I.une and M 


* Derived by H Jeffreys” for flat circular surfaces not surrounded by an elevated 
rini. Of the theoretical relations that have been proposed, these probably apply the 
most closely to practical conditions The value of D, depends upon the turbulence 
and convection, it should be determined experimentally in each case. That of p« is 
the mass of vapor per umt volume at the top of the thin layer (1 mm or less in thick- 
ness) beyond which, on account of turbulence and convection, the concentration of 
the vapor decreases very slowly with the elevation In the open, tv may reach 
04 m/sec, and D, reach 1000 cm'/sec, then the formula applies if 10 =2 r ^ 25000 
cm Indoors, w may be 004 m/scc and D. = 1 cm'/ sec, then the limits of validity 
are 1 ? r ? 2500 cm. (In the Intcmalioiial Cntual Tobies, 5, 54 (1929) these limits 
are incorrectly given as a reas 25 0 m’ to 10 cm’ and 25 m* to 1 cm’ ) The corresp^- 
ing expression m =- Ci^v'DiTciF, in which Ci is a form-factor and / is a linear dimen- 
sion defining the size of the surface, applies to flat surfaces of any shape, provided 
■Jeffrey*, H, Phil Map (6), 15. 270-280 (1918) 
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Table 275. — (Copttmued) 

that the dimensionless quantity wl/D, lies between 4 and 10 000, the unit of w here 
being 1 on/sec 

^ * Condition of evaporation, whether from the bottom of a vertical cylinder of 
height h above the surface of the liquid or from a sphere 

•References and remarks. References cover both theory and obser\ation 

1. Maeh^ H w v. Pallich. J.. Stttb Ak Wut Wien (Abt Ila), 106, 384-410 (1897), Stefnn. 
J, Ann d Phyetk (Wted ), 17, 550-560 (1882), 41, 725-747 (1890), yttii Ak Wtss Wien (Abt. 
IIa)f 65, 323-363 (1872), Kenner, O Ber denU. hot Ges , 29, 125-132 (1911); Wisklemann, A, 
Ann d Phystk (Wted), 35, 401-410 (1888). when ^ — 0, pu~p»ht. and Jfut/P it tmall, this 
expression reduces to I -ArDfun/Pt which was given hv Dalton, J , Afem Manchester Lit Phtl 
Soc, ^ 535-602 (1802) 

2 Brown, H T, and Escombe, F, Phti Trans (B), 193, 223-291 (1900): Laval, E7., Jcur de 
Phys. (2), 1, 560-561 (1882) «- il//fn Soe. Set fhys et net, Bordeaus (2), 5, 107+ (1882), 
Thomas, N, and Ferguson, A, Pktl Mag. (6), J4, 308-321 (1917); Vaillant, P., Compt. rend, 
150, 689-691, 1048-1051 (1910), Jour de Phys (5), 1, 877-891 (1911), Winklemann, A, Ann 
d Phystk (Wted), 35, 401-410 (1888) 

3 LeBlanc, M, and Wupperm mn, G, 7 phystk Chtm , 91, 143 154 (1916), Mnrcelm, K 
and Compt rend, 158, 1674-1676 (1914), Vaillant, P, Compt rend, 150, 689 691, 1048 1051 
(1910), Winklemann. A** 

4 Stefan, J . i'lish Ak Wtss Wten (Abt //a), 65, 323-363 (1872), d Phystk (Wted), 

17, 550-560 (1882), 41, 725-747 (1890), Langmuit, 1. Phys Kev (2), 12, 368-370 (1918), Hough- 
ton, H. G, Phystes, 4, 419-424 (1933), Fuchs, N. Phystk Z Sotoj , i 224-243 (1934). Here 
fi ^ radius of the evaporating sphere, and ri — radius of a concentric Mihencal shell at which the 
partial pressure of the vapor is continuously kept equal to p The tr.mster of vapor is hy diffusion 
only, the gas being completely quiescent when Ct - 4vri, approximately and if x denotes 

the tUB^ then ’~d(ri*)/dx ^ 2DM iPa — p)/pRT, a quantity independent of rt The observed rates 
of eva^ration of single spheres in large volumes of ga^ though of low order of precision, agree 
with these relations, see Sresnevski B, Zhtirnt^ Russ fis'khtm obskehestvo, 14, 420-469, 483-509 
(1882), 15, MO (1883), Morse, H. W, Proc Am Acad Arts 9.J, 45, 163-367 (1910), Gudris. N , 
and Kulikowa, L, Z Phystk, 25, 12M32 (1924), J Russ Phyt Chem Soc (Phys), 56, 167-175 
(1924), Whytlaw-Gray, K, and Whitaker, H, Proc Leeds Pktl Lit Soc, 1, 97-103 (1926), 
Topley, B , and Whytlaw-Gray, R , Pktl Mag (7), ^ 873-888 (1927); Houghton, H. G, Phystes, 

4, 419-424 (1933) See also p 631 

S. Laval, Jour de Phys (2), 1, 560-561 (1882) Soc Cri Phys ct Nat Bordeaux (2), 

5, 107+ (1882), has stated that n varies with the uui, )>nt not with the tempcr.iture, Po » pressure 
of the vapor in contact with the surface 

6 Hmchley. J W, 7 Soc Chm Ind , 41, 242T-246T (1922), Himus, G W . nnd Uinchley, 
J W, Idem, 4j, 840-845 (1924) The purpose of this work was to obtain data and formulas that 
would be of valtie to the eliemical engineer Hmchley stated that his formula applies if w 5^ 0, and 
that It IS not in error by more than 10 per cent if #>60®C. whereas H G Berker w has stated 
that when «p ~ 0 and f>90*C then the values defined hy this formula are too low See also, 
Hill, L, and Ilargood-Ash, D, Proc Ray Soe London (B), 90, 438-447 (1919) 

7 Hine, T B , Phys Rev (2), 24, 79-91 (1924) For a circular surface 30 cm in radius 
Water was not considered in setting up the formula containing M , the formula here given for water 
was not given by Hme hut is obtained from his formula by setting M » 18 0154 Sec also de Heen, 
P. Bull Set Acad Roy Bih (3), 21, 11-24 (1891) 

8 FitaGerald, D, Trans Am Sae Cw Eng, 15, 581-646 (1886) This and the next two 
expressions refer to evaporation from large outdoor areas of water, ice, or snow The value of P$ 
for dry ice and snow is not the same as for water at tht same temperature For observed evapora- 
tion from snow, sec Table 281 See also Giblctl, M A, Proc Roy Soc London (A), 99, 472- 
490 (1921) 

9 Bigelow, F II, Monthly Weather Rev. 36, 24-39 (1908), it applies to the s.ime conditions 
as the preceding reference (8) Marvin, C F, Idem, 37, 57-61 (1909) regarded this value for kt 
as merely a first approximation 

10 Gninsky, C E, Monthly Weather Rev. 60, 2-6 (1912) (Dtseussion by C F. Marvin on 

p 6), It applies to the conditions stated in reference 8 His complete formula is H — JS'(1 + 

0 293 \/w)(l +0 108/7), unit of w ~ 1 m/sec, of H * I km, li — altitude altove sea-level, it is 
intended for general use m computing the evaporation from lakes, reservoirs, etc (see Table 278 ) 
Note As krflv is 0 293 y/w, A* « 0 293/w® •, as given in the table 

11 Marvin, C F, Monthly Weather Rev, 37, 57-61 (1909) The p» m this formula is the 

partial pressure of the water-vapor m the air when that is saturated at its existing temiieruture, 

p/p» is the relative humidity 

12 Lurie, M, and Mikhailoff, N, Ind Eng Chem, 28, 345-349 (1936) observed the rate of 
evaporation from a surface that was flush with the floor of a rectangular wind-tunnel The total 
pressure (P) was always that of the atmosphere, and its value was merged with their constant C 
The compiler has changed the unit of area and has taken the P out of the C, to make their expres- 
sion conform to the otnera in this table 

* In f'cneral. C, and n depend upon h, ujwn the temperature, pressure, and humidity 
of the air in which tlic cylinder is immersed, and upon the wind velocity The values 
here Riven applv to indoor conditions (w = 0) with / = IS to 20 "C, P = 749 to 787 
inni-HR, relative humiditv = 50 to 74 per cent [Thomas, N , and Ferguson, A , 
Phxl Mag (6). 34, 308-321 (1917)] 
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Table 276.^ — Effective Partial Pressure of Blanketing Vapor®’ 

Water is contained in a vertical tube 2 67 mm in internal diameter, the 
top of the tube being h mm above the bottom of the water meniscus ; the 
rate of evaporation into a dry gas is observed, and po is the value that must 
be assigned to the partial pressure of the vapor at the surface of the liquid 
if the removal of vapor is to lie accounted for by pure diffusion up the tube , 
t °C is the temperature of the system, assumed uniform , p„t is the pressure 
of water-vapor that is saturated with reference to a flat water surface at 
temperature t , /(, °C is the temperature at which the vapor-pressure is pn 
See also: A WinWemann *’'*• “*• and P Vaillant®"* 


Unit of p,i and pntt ~ 1 mm-Hu, of k = 1 mm Temn - t "C 
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Table 277. — Various Observed Rates of Evaporation of Water 

The following data are in addition to those which have been summarized 
by their observers m the formulas given in Table 275 , = wind velocity , 

m, «io = rate of evajxiration with and without wind, respectively, c = 
thickness of water layer removed by evaporation , r = an arbitrary constant 

Unit of to = 1 m/s«c. of m and m,. •=■ 1 mK/cm=lir ~ 0 24 nim/day, of o = 1 mm/day Temp = « “C 
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Kvaporatiun from tlic oceans (Wiist*) 
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Table 278. — ^Evaporation from Large Outdoor Areas of Water 

E = £i(l + 004 Vw^ll + 3 3(10-“)//], unit of wr = 1 tmle/day, of // = 1 ft. 

= £ 1(1 + 0 293 Vwx) [1 + 10 8(10^)//,], unit of «'i = 1 m/sec, of H, = 1 m 
II = altitude above sea-level ; t = mean monthly temperature , w = mean monthly 
wind velocity ; £ = annual mean of the evaporation 
The value of £1 is that given below for £ when itf = 0 


Unit of £ = 0 001 mcli/day — 0 0254 mm/day, of «• = 1 mile/day ~ 0 0186 m/sec 
Temp = tw “h' = to “C 


tF 

20 

tv-* 

ta 

-6 7 

0 

100 

200 

i. iU 

500 

M □) 

400 

500 

65 

91 

10 2 

110 

11 7 

12.5 

25 

-3 9 

90 

126 

141 

152 

10 2 

170 

30 

-1 1 

115 

161 

179 

19 4 

207 

217 

35 

-1-17 

ISO 

21 

23 5 

254 

20 7* 

284 

40 

44 

200 

28 

313 

33 8 

36 0 

37 8 

45 

12 

26 5 

37 

415 

448 

47 7 

501 

50 

10 0 

.360 

SO 

565 

608 

M8 

680 

55 

128 

50 0 

70 

78 3 

84 5 

900 

945 

00 

15 0 

70S 

99 

110 

119 

127 

132 

05 

18 3 

97 

136 

152 

164 

175 

184 

70 

21 1 

127 

178 

199 

215 

229 

240 

75 

23 9 

160 

224 

250 

271 

288 

302 

80 

26 7 

196 

274 

307 

332 

353 

371 

85 

29 5 

232 

.125 

364 

392 

418 

438 

90 

32 2 

270 

378 

423 

457 

486 

510 


* So printed, but probably should be 27 0 


Small Drops 

See especially N Fuchs A drop that is several microns m radius 
evaporates in still air in accordance with the formula given in 'J'able 275 , 
if r .2 IS very great, then (l{ri“)/dT = — 2DM{p„ — p)/pRT, a quantity 
independent of the radius, ri, t is the time, po is the vapor-pressure at the 
surface of the drop, and p is the density of the liquid Sci^ also preceding 
text (pp 623 and 629) That is, the area of the surface of the drop 
decreases linearly with the time, if po remains constant, p is controllable 
and IS assumed to be constant But as the radius becomes smaller, of the 
order of 1 p, (0(X)1 mm) or less, evaporation becomes slower, drops that 
in accordance with the preceding formula should vanish in a few seconds, 
may last for hours 

Gudris and Kulikowa, using drops 1 ^ to 0 1 in radius, and deter- 
mining the vapor-pressure at which the size of the drop remained constant, 
found that the saturation pressure with reference to them is that deter- 
mined from the radius and the surface-tension m accordance with Kelvin’s 
(W. Thomson’s) formula (p 568) They regarded the reduction in the 
rate of evaporation as the radius became smaller as an age effect, and 
attributed it to an absorption of the surrounding gas ; it was inappreciable 


••Grunsky, C E, Monthly WcatlUT Rev, «, 2-6 (1952) 

** Fuchi, K • Phyttkn Z Sows > 6^ 224-243 (1934) 

•Gudfif» N, aad Kolikow^ L, Z Pkyttk, 75, 12t>132 (1924): Cktm Abs., 19, 3186 (1925)4^ 
/ Rhs 9 Phys Chem Soe (Phys ), 96. 167-17S (1924). Fnchi. 
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in H 2 . For other gases they published curves from which have been read 
the following values connecting the radius (r) of tlie drop with the time t . 

Unit of X “* 1 mm, of r “ 0 01^ “ 10“*cm 

/' Air — y 30 Air + 70 Hg s, f — “ \ 

tr X 9 % r XT XT 

5 94 7 99 30 84 5 89 20 86 

22 89 IS 94 37 5 79 10 87 5 45 86 

37 5 84 22 5 89 45 74 15 865 

On the other hand, U. J. Woodland and E Mack, Jr , ®® have reported 
observations that indicate that — dw/dr = C(r + S), instead of the Cr 
required by the linear relation between the area and r. They think that 
these observations indicate that the effective removal of the vapor occurs 
from a surrounding shell of saturated vapor, and not from the surface of 
the drop itself, the thickness of the shell being 8. Their observations lead 
to the values 8 = 0.52 p. for n-dibutyl phthalate, and 8 = 1.1 /t for n-dibutyl 
tartrate. 

C. Barus has stated that, m dust-free air saturated with water-vapor 
and left undisturbed, the dissipation of very small fog particles “by evapo- 
ration is enormously niore important than by subsidence" ; in his case the 
two were about equal when the diameter (d) of the particle was 3 p “Fog 
particles precipitated on solutional nuclei (phosphorus) evaporate” to 
water nuclei which persist without other loss than by subsidence Those 
precipitated on nuclei of water-vapor evaporate almost without residue, 
the persisting nuclei being only 0 4 per cent when d = \ 6 p, and 3 6 per 
cent when d ^iZp. “These fog particles vanish into the wet air from 
which they were precipitated and the experiment may be repeated indefi- 
nitely. Relatively more water nuclei persist as the fog particles evaporated 
are larger.” 

The evaporation of drops in a stream of air of velocity w m/sec has 
been studied by T Namekawa and T Takahashi who found that dr/dr = 
— 2 53 f(/>o — ^)/r] fl -4 2 Iw^'®] 10"^ if r < 1 mm and zu < 2 m/sec 
(See also Y. Takahasi and E G Zak ’^-) 


Condensation. 

For those condensation data and phenomena in which condensation may 
lie considered as merely negatnc vaporization, reference should lie made to 
the preceding pages devoted to vaporization, one exception being Table 281 
treating of condensation upon snow. 

When water-vapor condenses on a surface that is chilled to — llO^C 
or lower, the deposited ice is vitreous^® Condensation on extended sur- 
faces at higher temperatures, depending, as it does, upon both the nature 


"W’ooHland. 11 J, «nd Mack, E . Jr , / Am Chem Sac. 55, JMI-SUil (193U 
« B»ru«. C. Am J 5. i (4), 25, 409.412 <19081 

n N.aniek.nwa, T . ud Takahaahi. T , Utm Call 5ri Kyoto (A), 20, 139 146 (1937). 


"Tidcaliaai, Y, Set Abs H), 40, 265 WiT) *- Ceopbys Uaa , 
Zak. E. G. Cbtm Abt , 31, 33b0 (1937)«-Zhir Geofix. 6, 452.465, 


Tokvs. 10, 321.330 (1936), 
466.473 (1936) 


■ Burton. E. F„ and OH»er, W. F , Proe Roy Sac Lonioo (A), 153, 166.172 (1936) -♦ Nature, 
135, 505 506 (L) (1935). 
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of die surface and local peculiarities thereof, is not considered in this 
compilation. 

Supersaturalton — It is probable that water-vapor can never become 
supersaturated (supercooled) in the immediate presence of water or of ice, 
but when no condensed phase is present it can be considerably supercooled 
if It contains no dust or other nucleus on which condensation can begin. 
See the following section: Nuclear Condensation. Supercooling is always 
understood to be that with reference to vapor in equilibrium with a flat 
surface of water. 

C. F. Powell has remarked tliat Callendar and Nicholson pointed 
out that the steam in the cylinder of a steam engine might be supersaturated, 
and that supersaturated steam might exist in a steam turbine, as has since 
been pointed out by others. “According to Callendar, the steam passes 
through the turbine so quickly that thermal equilibrium cannot be main- 
tained. It becomes supersaturated, and no appreciable condensation, takes 
place until the cloud-limit is reached, when nuclei are produced in enormous 
numbers.” (Cloud -limit = supei saturation at which condensation on 
uncharged nuclei begins. See Table 279 ) He comments on erroneous 
values assumed by Callendar and by H. M. Martin for the supersaturation 
at the cloud-limit, and from his own observations computes the data m 
Table 280. 

When steam is expanded by passage through a simple convergent- 
divergent nozzle, the steam becomes supersaturated , condensation does not 
occur until the steam has reached the condition approximately represented 
by th 3 5 per cent moisture line on the Mollier enthalpy-entropy diagram, 
and then drops 6 2A in radius are formed For the corresponding phe- 
nomenon for water, see preceding text (p 623) 

Nuclear Condensation — In the study of nuclear condensation, the cus- 
tomary procedure is to cool a mixture of gas and vapor by an adiabatic 
expansion, the amount of expansion that just suffices to produce conden- 
sation being determined by trial. The expansion (£) is defined as the 
ratio of the expanded volume (va) to the volume (i/i) lx:fore expansion 
(£ = Vz/vi). If y = Cp/Cv = ratio of the principal specific heats of the 
gas-vapor mixture, and if Ti °K is the absolute temperature of the mixture 
before expansion, then the temperature (T-j°K) after expansion will be 
given by the relation Tj/Ts = The conditions are usually such 

that the vapor in the mixture of volume Vi and temperature Ti is saturated 
with reference to a flat surface of its liquid The corresponding vapor 
pressure (pi) may be found from tables of vapor pressure, the pressure 
(/>,) of the vapor after expansion is given by the relation p^/pi = (ri/wa)'*' ; 
and vapor pressure (pi) corresponding to saturation at T 2 ®K may be 


» Powell, C. F , Proc. Roy Soc. London (A), U*. SS3-577 (1928) 

T4a Callendar, H L., and Nicolion, J. T., M%n. Proe. Jnrt Civ. Eng (London). 131, 147.206-268 
(1897) 


"Yellott. J I., Traiu Am Soe Modi Eng, 56, 411-427-430 (FSP-S6-7) (1934), Yellott, T. 1, 
and Holland, C K, Idom, 99, 171-183 (FSF-$9-5) (1937), Jakob, M, Z. techn Pkystk, 16, 83-86 


(193S). 
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found from tables. The ratio 5" = pe/p-i is called the supersaturation pro- 
duced by the expansion The value of the expansion (£) depends only on 
the volumes Vi and v^, but that of depends also upon the nature of the 
inert gas and of the vapor. 

As E is gradually increased, an initial and four other stages of con- 
densation can be distinguished Starting with air taken directly from the 
atmosphere and saturated, one obtains a dense cloud of drops when E is 


Table 279. — Condensation of Water-vapor on Nuclei 

E = expansion, 5 = supersaturation, each at the beginning of conden- 
sation on nuclei of the nature indicated by the subscript ( — = negative ions, 
+ = positive ions, 0 = uncharged nuclei) For exact definition of E and 
of i , see text The values of .V are unaffected by the nature of the admixed 
uncondensible gas , those for E refer to vapor mixed with air , h and <2 °C = 
tempcratui e before and after expansion, respectively 

I Adapted from L IaicIi (ICT)-. /, ^ 18 °C 

/ /, S, y.u .fu References* 
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17 418 ] 
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1 276 

-94 485 




• Kt’femKe> 

7 Anderson. B X, iind Froemke, T A, 

2 e/iwi* tArin (4) 142, 3d 1-150 ( 1929 ), Uonnan, F O Phil Mag (6), 3, 305-310 (1902), 
n'n" ' “f’ AVI'? ^**«*)' ^ ^ ” Vriibram, K, Jahrh Radxoak . 

ihi: 273 2Ss‘ (1934)“ T R rv.""”’ ' ^ 

* E X Anderson and J A Froemke (loc cil ) found E = 1 201 and X = 3 0 at 
f, = 25 'C 


only slightl) greater than uniti Allowing tliese to subside, and repeating 
the process, and so continuing, one presently reaches a stage at which such 
small expansions produce no condensation This terminates the initial 
stage. 

Continuing the process « ith gradually increasing values of E, no con- 
densation (except on the walls) occurs until £ = 1 25, when a few drops 
of ram form in the interior of the gas This is stage 1. A further increase 
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in E merely increases the number of drops — the heaviness of the rain — 
until £ = 1.38 (stage 2) Beyond £ = 1 38 a persistent cloud of small 
drops is formed (stage 3) , the number of drops increases rapidly as £ 
increases beyond 1 38, each drop becoming correspondingly smaller, and 
presently diffraction colors border the image of a source of light seen 
through the cloud, and change as the size of the drops decreases (stage 4) 

In the initial stage — generally not counted, but regarded as a cleansing 
process — condensation occurs on dust and other, presutnahly large, nuclei 
that are not being continually replaced Repeated condensations sweep 
these out of the gas At £ = 1 25 condensation begins to occur on nega- 
tive ions , at higher values, on positive ions , and at £ — 1 38 on uncharged 
nuclei which “have been identified with the associated molecules present 
m water-vapour”^® 

Powell found that m general the expansion actually realized is not 
simply adiabatic, but is attended by evapoiation from the walls of the 
vessel, which causes the density of the expanded vapor to exceed that corre- 
sponding to simple expansion Tie torreeted his observations for this 
effect, the values so corrected arc given in Table 280 He has toncliided 
that ordinary room temperatures aie to be preferreil to others as initial 
temperatures in the investigation of atomic phenomena by means of the 
cloud method 


Table 280. — State of Water-vapor at the Cloud-limit 


Values above 47 °C were obtained by extrapolation based on == 1 
at the critical point Callendar’s ec|uations for steam were used II = heat 
content, P = vapor pressure, Sa — super s-atin at ion = ^ “ specifu 

volume, <t> = entropy, the subscripts o and ^.n imlitatc, lesjicctivelv, that the 
value IS that at w'hich condensation on uncharged nuclei begins (the cloud- 
limit), and that corresponding to eijuilibriuni with a flat surface of water 
As usual, H and <f> are measured from water at 0 “C 


I’nit of P - 1 IbVma = 0 0680 atm - 68 O') kclync/cm' of f' I fO' I. -= 6J 4 ’I rniV*. nf 
H - 1 Ib-cal/lb = 1 g-c,al/B, of 0 = 1 II>-cil/Ili "K -- 1 R cal/R "K 1 i-mp ( “( 
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75 
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199 
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14 69 

1 86 

26 79 
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1 66 
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1 39 
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225 2 

1 20 

2074 
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0 4811 
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0 7833 
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1 9.S29 
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603 .32" 

1 9174 
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1 8819 

103 3 

.3 214 

612.30“ 

1 8441 

68 59 

4 995 
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1 8098 

48 59 

7 250 
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1 7821 

29 82 

12.31 

62721“ 

1 7448 
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633 19“ 

1 7074 

1440 

26 96 

63702 

1 6872 

8595 

4711 

644 22 

1 6450 

5 392 

78 91 

650 70 

1 6068 

3 542 

122 7 

656 85 

1 5755 

2 408 

183 6 

66224 

I 5423 

1 728 

2r/i 0 

667.38 

1 3205 


‘ For Po < 20, the values of Ih fait on the line of 2 per cent wetness 


"Powell, r F, Proc Roy Soc London (A), 119, 5S3-S77 0928) 
and Froemke, J K. Z phyttk Chem (A), 14^ 321-350 (1929) 


See also Andernon, E X , 
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Optical methods for determining the size of suspended water droplets 
have been discussed by J G Wilson who has concluded that the radii (r) 
of the drops responsible for the colors observed by C T. R. Wilson when 
water-vapor was condensed by expansion (E) were as follows, the unit 
being 001 /t= 10"* cm* Brilliant green, E 1.412, r 135 ; blue-gpreen, E 1.416, 
r 130; brilliant blue, E 1 418, r 119, purple, E 1.420, r 105; red, E 1.426, 
r 84; reddish yellow, E 1 430, r 77 ; orange-white, E 1.436, r 60; whitish, 
E 1 448, r 48 ; greenish white, E 1 454, r § 45 

These estimates of the sizes of the drops that cause the observed dif- 
fraction effects should not be confused with those that C. T. R Wilson 
has made of the equivalent sizes of the nuclei upon which the condensations 
began. 

M. Akiyama has reported that 50 per cent of the charged recoil atoms 
of actinium-A do not act as nuclei of condensation for water-vapor at super- 
saturations in the neighborhood of those at which the vapor condenses on 
ordinary positive ions 

P. I Dee has published a diagram that facilitates the determinations 
of the quantities required in the interpretation of such adiabatic expansions 
of air saturated with water-vapor as are here considered 

G Stuve*' has concludecl that in natural atmospheric condensation, 
gaseous nuclei give only drops of water, nuclei consisting of soluble salts 
give drops if conden.sation begins at temperatures above — 20 °C, but stars 
of snow if below —20 °C, and insoluble hygroscopic nuclei give needles of 
ice at all temperatures below 0 "C 

Much IS yet to be learned alxnit the natural condensation of atmospheric 
moisture Fogs may occur in air that is unsaturated , they may be absent 
from air that is saturated with w ater- vapor The nature of atmospheric 
nuclei of condensation has been considered by Bennett.®^ H I^andsberg 
J. H Coste and H T. Wright,*^ C. Junge.®® and H Kohler,*® to mention 
only those that have happened to come to my attention Salt from the 
ocean is generally believed to be the most abundant of the natural nuclei, 
but human activities — ^fires, furnaces, etc — contribute droplets of nitreous 
acid and probahlv some of sulphuric acid ®* It has been frequently reported 
that the volumes of the drops of rain, and perhaps of fog also, are simple 
multiples of a few' primary sizes; which suggests that the larger ones are 
forint by the coalescence of the smaller ones *•• ®^ 


■•^WiWon, T O, Prw Camhnipe PhtJ ^oc , 
w Wilson r T PhtJ 7ratif (A). W, 265-107 (282) (1897) 
wAlciyama M. Cowpt rend, W, 341-142 (1928) 

^ Dec, P I, Proc Camhrtdffc Phf Soc , 93-98 (1932) 

•* Jstfive, G, Grriands Bettr su Geophvs (KJippen Bd 1), 32, 326-335 (1911) 

“ Bennptt, M G Sn Ahstr (d), 37, 259 (1934) Roy Mtitor Soc , 60, 3-14 (1934). 

** Lnncl«(»rrff, II. Monihh \i eaihtr Rev , 62, 442-445 (1934) 

•* Coste, T H, nnd Wnulit 11 J Phil Mao (7). 20, 209-234 (1935) 

■‘"'JuntfC, C. CerJands Htttr rii Ceoph\s , 46, 108 139 (1935) 

M KShlcr, II, Arktv Mat, Astron , I \Btk, 24 A, No 9 (1934) 

Gold, F NatmrOf 133, 102 (L) (1934), Kdbter, H, Trans Faraday See 32 11S2-1161 
(I9«). Marki. E, Mrtror Z, 54, 173-183 (1937) • ' " ' raToaay , it, 1152-1161 

■ Loeb. L B . /i*l Cnt Tab . 6, 117 (1929). 
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Table 281. — Condensation on Snow in the Open 

Observations at high latitudes, data are as appluable to evaporation as 
to condensation. C = amount of condensation in the tune t, f ~ partial 
pressure of water -vapor in the air, />„t = pressure of water -vapor saturated 
with reference to the surface of the snow. Rolf finds C = a-l-i>(^- 
the values of a and b vary with the season (mean temperature?), 
and if the ground is only partly covered with snow, with the time of day, 
t is the temperature of the air. The observations were admittedly rough, 
and in some cases differed by 100 per cent from the values defined by his 
equation. 

Unit of C = 1 mm of water, of x = 1 hr, of p and - 1 mm-Ue 

Winter, ground covered, i ~ -(-09 to —27 5 ‘C, a = 0, fr = 0 0174 
Spring, ground covered, f = -f3 1 to -1-87 'C, a = —0 0010, b — 0 0168 
Summer, ground partly covered, a and b variable at follows 


Time of day 

lOOOa 

lOOOb 

lime of day 

10000 

1000^ 

8:25 to 11:00 

-i-9=i=2 

-1-29±1 

IS 15 to 

17 00 

20 =4=3 

24 =4=3 

11 IS to 13-00 

18±2 

28±2 

17 15 to 

20 00 

8 =4=2 

25 ±2 

13 15 to IS 00 

16 ±4 

29=4=3 

JO IS to 

8 10 

06=4=12 

15 7=4=1.1 


Condensatton on Metals — The conclusion of O. Reynolds that “there 
IS no limit to tlie rate at which pure steam will condense but the power 
of the surface to carry off the heat’’ is practically correct, but, as he pointed 
out, when an uncondensing gas is mixed witli the steam, the surface on 
which the condensation occurs becomes blanketed with a layer of gas that 
IS relatively poor in steam, and through which the steam must pass by 
diffusion in order to reach the surface. That greatly reduces the late of 
condensation. Furthermore, condensation may occur either as isolated 
drops or as a continuous film of water, depending upon the surface con- 
ditions Phenomena relating to the condensation of steam while flowing 
through cooled metal tubes, though of great technical importance, scarcely 
fall within the scope of this compilation 

97. Freezing and Melting 

(See also Section 59 For external work and change in volume on 
freezing or melting, and for latent heat, sec Section 95 , for melting tem- 
perature, Section 92 ) 

Ice Needles. 

As freezing continues after a volume of water has become completely 
surrounded by ice, or enclosed between rigid walls and an icc-sheet adherent 
to those walls, the pressure of the wrater increases, and may rupture the 
bounding sheet of ice If the freezing is proceeding very rapidly, as when 
the water is much supercooled before the freezing begins, the rupture may 
consist of one or more small perforations The peripheral portions of the 

"•Rolf, B, Arkiv. Ual , Astron , Fyiih, *. No 35 (1914) 

"Reynolds, O, Proc Roy Soc London (A), 21, 275-283 (1873) 

"Schmidt, E, Schung. W, and Sellsehop, W, Tech Mrrhan Thermod , 1, 53-fi3 (1910) 
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issuing water will freeze, thus building up a tube of ice, which may grow 
with surprising speed, sometimes straight but more often curved or abruptly 
bent, and may attain a length of several centimeters. When the growing 
ceases, the contents of the tube freezes, converting the whole into a needle 
of ice. Such growths are not at all uncommon when there has been much 
supiercoohng. Their growth is of exactly the type described by H. Erlen- 
meyer in explaining the growth of hair-hke crystals sometimes observed 
to form in salt crystals that are creeping over solid surfaces. It seems prob- 
able tliat the ‘‘long crystal” mentioned by T. Alty and the unusual one 
reported by O Bally were formed m this way ; and the same may have been 
true of some of those reported by J Meyer and W. Pfaff.®^ But in the case 
they mention, of a needle that grew from the wall of an empty bulb con- 
nected to one containing water, it seems that the growth must have been by 
condensation, as they suggest. In view of the low thermal conductivity of ice 
and of water-vapor, and of the large amount of heat liberated when water- 
vapor IS converted to ice, it would seem that the growth of a needle by 
sucli condensation would be extremely slow Furthermore, the large 
spciific volume of the vapor would restrict the size of a needle, formed by 
condensation, to a .small value, whenever the growth occurred after the 
water had become completely covered w'lth ice For example, the volume 
of the needle that can be pioduced by the complete freezing of 1 cm® of 
vapor .saturated with reference to water at — 15®C (sp vol = 622 000 
em'/g) cannot exceed that of a cylindrical needle 01 mm in diameter by 
049 111111 in length, since, owing to the vapor pressure of ice at —15 ‘’C, 
only .ibmit 2 2 per cent of the total volume of the vapor can so freeze, there 
wouUl have to be available 45 cm* of the vapor saturated w'lth reference to 
water .at —15 “C if a .spicule of that small size (0 1 mm by 049 mm) is to 
lie actually formed m that manner 

It IS not uncommon for such needles to be spoken of as monocrystals, 
but till’ coinialcr has vet to see experimental evidence justifying such a 
description. 

Supercooling of Water. 

(NOTE: Since this section was written, G Tammann and A Buch- 
ner*" and J. Meyer and AN' Pfaff»® have studied the subject, and have 
interpreted their observations in terms of the ideas that they had developed 
in the course of their studies of other substances The two groups differ 
mainly in that Meyer and Pfaff hold that the primordial nuclei upon which 
the ice IS first formed are alwavs solids, foreign to the molten substance, 
wherea.s Tammann and Buchner think that they may be formed from the 
molten sub.stance itself Each group seems to think that the growth of, or 

“• Erlfnmeyer, H , Heh' Chm Ada, IJ, 1006-1008 (1930) 

‘«>Alt>, T. Fha Mae (T). IS, 82-103 (1933) 

" B»llv, O , Hth Oiim Ada 18, 475-476 (1935) 

“ Mrver, J . and Pfaff, W Z gnorp allgrm Chem 234, 305-314 (1935) 

■■ Tammann, G, and Buchner, A, Z anarg allgem Chem, 222, 371-381 (1935) 
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upon, the nucleus is slow until a certain critical size is attained , then it 
becomes rapid— visible freezing occurs If this were true, then the time 
that elapses between the instant that a specimen of water of given form 
and^ size is immersed in a cold bath and the instant that visible freezing 
begins^ would be a matter of prime importance , and that time, or its equiva- 
lent, is observed and reported by each None of this necessitates a 
rewriting of this section. 

But more recent observations by the compiler have shown that certain 
of the impressions conveyed by this section are entirely wrong, although 
in entire harmony with the rejiorts cited. On account of that harmony it 
has seemed desirable to let the section stand as written, and to request the 
reader to bear in mind the following facts, ascertained by the compiler 

When water is protected from the atmosphere, as by sealing it in a glass 
bulb, it freezes spontaneously at a fixed leinperaturc that is indejicudent 
both of the rate of cooling and of the time that the bulb has been hold at a 
low temperature The temperature of this s]iontaneous freezing \arie.s 
from specimen to specimen, and for any one specimen may exhibit oscilla- 
tions and may drift, hut in many cases it remains constant within a few 
tenths of a degree centigrade for months at a tune The volume of each 
specimen used was about 8 cm‘, and it was contained in a bulb of alxiiit 
twice that size It is not at all difficult to obtain specimens of this size 
that can be supercooled to —14 °C, and one has been repeatcdlv looleil to 
—21 “C In no case was any precaution taken to keep the water quiescent , 
in fact, the supercooled water can be {xiurcd with impunity over the entire 
interior of the bulb Violent splashing will cause the supcrc'oolcd water to 
freeze, but sharp rapping of the exterior of the bulb is w ithout effect On 
the other hand, a very gentle wiping of the glass-water interface will cause- 
freezing at a temperature well aliovc that at which the specimen freezes 
spiontaneously All the observations so far obtained are consistent with 
the opinion that, within the range of temfieniturc covered (0 to —21 °C), 
the presence of foreign solids is essential tci the spontaneous freezing of 
the specimen, in this respect they agree with the conclusions of Meyer 
and Pfaff They also show conclu.sively that the time required for a spec- 
men to freeze when subjected suddenly to a given coiuhtion of chilling is 
not a factor of prime importance, it is the temperatuie, that is reached by 
some portion of the specimen, that determines the freezing , and that tem- 
perature is a characteristic of the specimen, varying from one to another as 
do the foreign solids that serve as "nuclei " ] 

Under suitable conditions, water can lie cooled below its so-called 
freezing point (the melting point of ice) without becoming solidified In 
that state it is said to be supercooled If a bit of ice, no matter how minute, 
be touched to supercooled water, freezing on the surface of the ice begins 
at once, and proceeds rapidly until enough latent heat has been freed to 
raise the temperature to the so-called freezing point It then stops unless 
heat is being abstracted from the mixture. 

•*S« Dorsey, N Z , J Res Nat Bur Stand , 20, 799-808 IRPllOS) (1938) 
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Such seeding with a suitable crystal seems to be the only means by 
which the freezing of supercooled water can be initiated at will. And that 
freezing is simply a growth of ice from the crystal into the water. The 
various other methods that have been suggested, some of which are men- 
tioned below, are so variable in their action and have been shown to fail so 
signally in certain instances that one cannot seriously regard any of tliem 
as having been shown to be more than secondarily involved in the initia- 
tion of such freezing as may have occurred when it was employed. Under 
some conditions it may have facilitated the initiation, but it can scarcely be 
regarded as having been primarily involved in the initiation itself. 

There are, however, certain conditions that appear to favor the super- 
cooling of water, to reduce the likelihood of freezing being initiated. 
A. Mousson reported that water can be more readily supercooled when 
it exists (1) as small drops on surfaces that are not wetted (velvet, finely 
dusted surfaces, certain leaves, etc), (2) bubbles [i*] in a fog, (3) in 
narrow capillary tiilies, (4) as a thin layer between glass plates that are 
clamped together (if the plates were not clamped, if the upper one was 
merely laul upon the uiwler, the water between them froze), than when it 
exists in bulk, and when protected from mechanical shocks, than when 
.subjected to them He drew' the general conclusion that whatever impedes 
a rearrangement of the particles of the water facilitates its supercooling 
L Dufour reported that the placing of a layer of oil upon the surface 
of the water is a very uncertain means for facilitating supercooling, but 
that drops of water, especially w'hen small, suspended in a liquid of the 
same density could be markedly supercooled, even when subjected to violent 
<leformations . he occasionally carried it to —20 "C. S W Young and 
R J Cross have stated that long<ontinued heating facilitates the super- 
cooling of a liquid 

In his discussion of the subject. Dufour®® seems to have failed to dis- 
tinguish lietwcen the removal of that which impedes and the imposition of 
that which causes The result of an effective impediment is the same 
whether or no a cause otherwise efficacious is present, but in the absence 
of such a cause, the renio\al of the impediment changes nothing Many 
later in\estigators of supercooling liave likewise failed to see the distinction, 
and much confusion has resulted In the following paragraphs an attempt 
is made to give the opinions and the ixiints of view of the several authors 
cited ; the reader should constantly liear in mind the distinction just drawn, 
and interpret the statements accordingly 

H T Barnes®* has stated that agitation, with the presence of dust or 
suspended matter and. particularly, of dissolved air, makes supercooling 
almost impossible Witli the avoidance of those conditions he has cooled 


A, Ann d I insik 105^ 161 174 (ISSR^ 

Oufour, U Arch dfs ut f>h\s ei nat (N P ), 10» 346*37j 0861) 
(Poflg ), 114» 530 554 (1861). Irticr uppeiided to Ar^k its set pkyt tt fiat 
(1861 ) 


Ann d FhysiJt 
(N PJ, 11, 22.30 


S W. And Cro»s, R J, / Am Chtm Sac, 33, 1375-1388 (1911) 
•* Barnett. H T , **lc« Formation.** pp 95-97, 1906 



97. FREEZING AND MELTING 


641 


water in open flasks to —6 °C. He writes. “Curiously enough, once the 
freezing point was passed .... it was certain that several degi'ces below 
that point would be reached without ice forming, and at —3° or —4“ quite 
violent agitation was required for solidification to take place .... It seems 
harder to pass the freezing point without ice forming than to continue the 
cooling beyond this temperature The degree of instability reaches such a 
critical state, however, beyond five or six degrees, that extraordinary pre- 
cautions have to be taken for further cooling.” 

This relative stability of the slightly supercooled water as compared with 
the great instability of that cooled to — 6 “C or lower led to the suggestion 
that a metastable condition, in which crystallisation can be initiated only 
by seeding with ice, existed for a few degrees below zero, and that at lower 
temperatures a truly labile condition existed But S W. Young,®® S W. 
Young and R J. Cross,*®® and S W Young and W. J. von Sicklen *®®* 
seem to have shown that no such distinction exists The difference is merely 
one of degree , the whole supercooled “field is labile and crystallization may 
be brought about in any portion of it by the production of sufficient mechan- 
ical shock.” Young and von Sicklen found freezing to attend mechanical 
shock when the temperature of the water was as high as — 002 ''C 

Observations reported in the three papers just mentioned, and especially 
those in the first, indicate that the frequency with w’hich the freezing of 
supercooled water accompanied the friction of solid on solid within the 
vrater, varied with the nature of the solid 

Contrary to the observations of H T Barnes ®® are those of R Pictet 
(mentioned by Oltramare *®*), who found that supercooled water in a 
stoppered flask can be violently agitated without its freezing, even though 
the temperature be — 19°C. The flask was half full The present com- 
piler has observed the same for a few' cubic centimeters of supercooled 
water at — 14 °C in a sealed bulb of alnnit twice the volume of the water. 

Observations on the supercooling of drops of water suspended in a 
liquid of the same density, and of water m capillary tubes have been 
reported by T Borovik-Romanova,*®® who gave the following values for 
the temperature (t) at which freezing began in capillary tubes (presumably 
of glass) of diameter d, and for the ranges over which the observed values 
were spread : 


d 1 57 024 

t -64 -135 

range 13 2 5 


0 15 0 06 mm 

-146 -IBS 'C 

4 16 “C 


At a much earlier date. H C Sorby had made similar observations, 
carrying the supercooling in tubes to — 16°C, and observing, partly in 


"Youitg, S W, / Am Chrm Soc , 33, 148-1(12 f19l1) 

1™* VoiiiiKt W, 'iiid Crow, R J, 1375’n8H (1911) 

ion* Vouii|{, S W, unci von Sicklen, W J, Idem, 35, 1067''107S (1911) 

^ Oltraniare, C, Arch zci phys, et no# Gcuive (3), 1, 487-501 (1879) 

Borovik-Romanova, T. Chem Abs , 19, 3186 (1925)*-/ Russ Pkys Chem ^oc (Phys 
Part), St, 14-22 (1924) (Russian) 

» Sorby, H. C, Phil Mag (4), 18. 105-108 (1859) 
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company with Tyndall, that even at temperatures near — 20 ®C the liquid* 
occurring in natural cavities in quartz does not freeze, the diameter of the 
cavity being about 025 mm (001 in ) He observed further, that even in 
capillary tubes water will freeze at a temperature very near 0 °C if the 
water is at any point in contact with ice, and that it melts at 0 °C. And 
C Despretz,’”'* using water thermometers with bulbs several lignes in 
diameter (1 ligne = 225+ mm), had followed the dilatation of water 
(unfrozen) to — 20“C He stated that Blagden (no citation) had cooled 
water to — 6°C, and Gay-Lussac (no citation) to — 12°C. G Oltra- 
mare has stated, without citation, that both Pictet and Dufour had cooled 
water to — 40 °C This is the greatest supercooling that the compiler has 
found mentioned , he has not succeeded in finding a paper by either Pictet 
or Dufour reporting this value 

Of the more recent investigations of supercooling, may be mentioned 
the following H A Miers and Miss F Isaac,*"* using water sealed in 
tubes “which were vigorously and continuously shaken by hand in a bath 
of brine” cooled at the rate of 2 °C |>er hour, found freezing to occur 
Ixitween — 1 6 and —2 °C. averaging —1 9 “C, at which temperature, they 
concluded, “pure water freezes siiontaneously, i e . in the absence of ice 
particles " They remark that the index of refraction is a maximum at 
about the same temperature f hen the tiilies contained loose bits of solids 
(glass, garnet, lead) rubbing with friction on the walls as the tubes were 
shaken, freezing might occur as high as — 04“C W H Martin*” has 
reported that w,ater that had Ik'Cii rciieatedly redistilled in vacuo and with- 
out elnillition could be cooled in a 2-iiim tulie to —26 °C. whereas ordinary 
distilled water froze at —11 "C under the same cooling conditions G V. 
Lange*"* has cooled water in 01 min capillaries to — 18°C, the cooling 
having taken 10 hours 

That very small water ilrojilets susix-nded in the air may lie cooled to 
very low temperatures without freezing, is indicated by the well-known 
fact "that the most brilliant coronas — ^those of multiple rings and large 
diameter — usually are formed by very high clouds whose temperature often 
must lie far liclow fi eezing ’’ 

L Hawkes *'" has stated that the dqxisit on the cooling pipes in a room 
maintained at —17 to —22 °C "was found to be a mixture of water drops 

* Sir Huniphr> Da\> '* had previously found that every such clear, colorless, 
liquid inclusion which he had isamuicd consisted of nearly pure water, and with few 
evceptioiis, was under less than atmospheric pressure 

tTlic niaxinium lalue of the index probably lies much nearer 0 'C, see p 280+. 

Dcspfcti, r, j4nH rfciiM f^hvs (2K 5 81 ( 1839) -► C'wnpj rend, 4, 124-130 (1837)-* 

Ann d Ph^stk (Povd) 41, 58 h (1837) 

Ddvy, Sir Huni|ihr\ Plui Irant 11 ^ 367 17to (l822) “ 4n« chtm ph\s , 21 , 132-143 
n«22) - Annals Phths (K S ), S, 43 49 (1823) 

'•'“Mier*, H A, And Isaac, F. Pepert Brtt Assoc Adx* Sc% , 1901, 522, (1906) 
•WMs-irtin, U H, Trans Roy So, Canada iU (^) 7, 219 220 (1913) 

*"** I anRr. ("i V , Joar de phys (7), 1, 406P (1930) Dull da I’lnst Agronom, Kharktfw, 
M, 107-108 (1929) 

Humphreys, W J *'Phv»ic< of the Air,** 2&d ed, p 534, 1929 

Hawkes, L, ^a»^re, 124 , 225 226 (1929). 
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and ice — ^this at —22 °C.” The statement seems to imply that the water 
drops were at — 22*’C, although m contact with ice, such surely was not 
the case. The presence of drops indicates continuing condensation, and 
had the temperature of the drops been directly observed there is no doubt 
that It would have been found to he above 0 °C. 

Both this and his preceding note are entitled “Super-cooled Water," 
and refer to the apparently vitreous solid that Ueilby obtained when a small 
drop of water was rapidly chilled to a temperature some 15 degrees below' 
0 °C (see p. 396). That is not the state of suj'iercooling with which we are 
here concerned We are now' concerned solely w ith water in its fluid state. 

The freezing of water in such capillary systems as soils, sand, and silica 
has been discussed by E A. Fisher 

Superheating of Ice. 

Although water can be supercooled, there is no evidence that ice can 
be superheated — ^heated above its melting point (pp 40S and 604) Never- 
theless, the temperature of a well-stirre<I inliinate mixture of ice and water 
will differ slightly from 0 °C if heat is either withdrawn or supplied very 
rapidly. H T Barnes states that "the ice itself sliares in flic temper- 
ature elevation or depression” and explains the departure from 0 °C by the 
inability of the ice “to freeze or melt rapidly enough to keep up the lieat 
exchange The velocity of crystallization and of melting is fimte, and is 
the determining factor in the temperature of the two pliases when coexist- 
ing ” But that the temperature of the ite itself should rise alxive 0 •‘C 
under such circumstances seems most improbable, and is, indeed, contrary 
to the general experience which Barnes •' expresses thus "It seems 
to be impossible to superheat a solid with respect to a hcjuicl ” It is more 
likely that the ice does not rise above zero, and that it is protected from 
the action of the surrounding water at higher temperature by a thin, closely 
adherent blanket of colder water In the reverse case, t coi responding 
blanket of warmer water, heated by the latent heat fieed as llie water 
freezes, will protect the ice from excessive chilling, and may keep it at zero 
even though the temperature of the bulk of the water is slightly lower L 
seems probable that in the case of ordinary ice ficc-1) the actual rate of 
melting, and perhaps that of freezing also, is determined by the thickness 
and the thermal conductivity of such blankets, rather than by any inherent 
slowness with which the substance can change from one phase to the other 
(cf p 624). 

In this connection, the excitement created in 1880-1882 by T. Camel- 
ley’s extravagant claim to have heated ice aliove 100 °C may be of interest 

ui Hawko, L , Nature, 123, 244 (1929) 

Frther. E A , 7 Pbys'l Chem , 2S, 360-167 (1924) 

Barnes, H T , “Ice Engineenag,” p 2-3, J928 
««See Camelley, T, Nature. 22, 434-435. SlO-511 <1B80), 23, 341-344 (1881), Chrm News. 42, 
130, 313 (1880), Proc Roy Soc London, 284-291 (1880-81), Ber dent chem Gee, 13| 2406- 
2407 (1680), / Chem Soc , 41, 317-323 (1882) iVttersson, (> , Ber dent chem Gee, 13, 
2141-2144 (1880), Nature, 24, 167-169 (1881) Meyer L, Ber deut chem Gee, 131, 1831-1633 
(1880), 14, 718-722 (1881) Wullner, A, Ann d Pkyitk (W\ed), 13, 105-110 (1881) And 
many other articlea m Nature, yoIm 22, 23, aod 24* Certain of the articles are entitled **Hot Ice.*' 
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Rate of Freezing and of Melting. 

The terms “rate of freezing,” "quickness of freezing,” “velocity of 
freezing,” and their equivalents are essentially vague and indefinite when 
they stand alone, and have been used in different senses at different times. 
They may be used ( 1 ) to cover the rate of thickening of an ice sheet upon 
a pond, or (2) for the rate at which ice forms on an exposed surface of 
water, or (3) for the time that elapses between the exposure of water to 
chilling conditions and the initial appearance of ice in the water, or (4) for 
the rate at which crystallization proceeds along a narrow column of super- 
cooled water , and they have been used in all these ways. 

1. The rate of thickening of an ice sheet has been consideerd in Sec- 
tion 59 (p. 407). 

2. In an exposition of his tnhydrol theory of ice formation, H. T. 
Barnes refers to certain experiments in w Inch he periodically removed 
and measured the amount of ice that had formed on the surface of a tank 
of water since the preceding removal He found that the rate of freezing, 
as so measured, decreased from one period to the next, finally becoming 
zero. If the water were heated to room temperature and then cooled again, 
ice would form as before. He regarded these observations as indicating 
that “water may lie exhausted of its ice-foimmg power,” “that a nucleus 
IS required for the colloidal ice mass, and after exhausting these nuclei, 
the formation of icc is rendered difficult,” and that time is “required for 
the restoration of the tnhydrol in solution and at the temperature of freez- 
ing It IS considerably slower than at higher temperatures " lixcept for a 
figure and its legenci, given by T. C Barnes and T L. Jalm,*’* the details 
of these experiments seem to have remained unpublished That is most 
unfortunate The little that has been publislicd is quite unconvincing and 
suggests that due attention was not given to miixirtant details. For exam- 
ple, the amount of ice that will form in a given time, once freezing is 
initiated, will be greatly affected by the heat capacity and initial temperature 
of the tank and its contents, and by the rate at which heat is abstracted from 
them by the chilling arrangement Rut wc are given no information that 
will enable one to form an estimate of these quantities, or of their variations 
from time to time . and there is no suggestion that they need to be consid- 
ered. Moreover, the statement regarding the slow restoration of the tri- 
hydrol cannot be accepted without much better evidence than has been 
given us , in fact, it is most improbable 

3. T. C. Barnes and T I. Jahn**® reported that, under the same 
conditions and starting from the same temperature, water from freshly 
melted ice freezes more quickly than that from freshly condensed steam 
And they interpret this as confirming the conclusion of H T Barnes 
that near and below 0 °C the recovery- of equilibrium betw-een the several 
polymers of HoO is slow. Here again information regarding experimental 

H T, Sftenhfc ». 289-297 (19291 

•MBarne*. T. C, and Jaba. T L, Quart Rtv Bto! , t, 292-341 (1934) 

Barnes. T C» nnd Jahn. f. L.» Proc Acad Scu, 19» &38>640 (1933) 
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details is meager, and satisfactor)' checks arc wanting. There is no indi- 
cation that any attention has been paid to the great variations that have 
been found in the extent to which water can be supercooled ; variations that 
force one to suspect, at least, that the extent of possible supercooling truly 


Table 282. — Velocity of Crystallization of Supercooled Water 

By the velocity of crystallization, we here mean the linear velocity, v, 
with which freezing, initiated at one end, proceeds along the length of a 
glass tube filled with supercooled water and continuously immersed in a 
bath at the same temperature, t, as the water at the instant that freezing 
began. The internal diameter of the tube is d, the wall thickness is w. 

ITfiit of V = 1 mm/sfc, of rf and t** “ 1 nim 


d-* 

7 

tv-* 

2 5 

-t 

V 

200 

5 27 

3 61 

8 07 

4 67 

11 9 

5 86 

178 

618 

191 

710 

444 

750 

51 3 

819 

69 2 

838 

85 5 

907 

1140 

Tumlirz* 

d-r 

IS 

-t 

V 

0 74 

0 37 

1 12 

1 44 

1 40 

2 20 

1 54 

2 76 

1 62 

292 

200 

3 32 

240 

4 49 

254 

5 24 

267 

5.58 

2 71 

5 77 

290 

706 

320 

747 

3 49 

1023 

364 

1128 

414 

1693 

4 20 

1815 

4 60 

22 07 
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.30 5 

72 
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12 3 
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*For temperatures alxtve —6 *C they used tidies 3 mm in internal diameter; the 
wall thickness was not found reported 
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varies from sp>ecimen to specimen, depending upon some inclusion foreign 
to the water itself, and not merely upon the thermal treatment of the water. 
See remarks in the note at the beginning of this Section, p. 638 

4. As the rate of melting of ice immersed m water depends upon the rate 
at which heat is delivered to the ice, so the linear velocity (see Table 282) 
with which freezing proceeds along the length of a tube filled with super- 
cooled water and immersed in a bath at a constant temperature measures 
the rate at which heat is removed, rather than a characteristic property of 
the water-substance But it is ixissible that, with the available facilities, 
heat cannot lie removed from ice at a rate that is greater tlian some fixed 
amount determineil by the characteristics of water In that case the linear 
veliKity of the freezing will approach a maximum as the rate of abstraction 
of heat is increased, and that maximum will be determined by some prop- 
erty, or group of properties, of water The recorded observations give no 
indication of such a limiting value 

For a disciishton of tlie linear velocity of crystallization, see the refer- 
ences given in Tabic 282 and the recent papers by R Kaischew' and I. N 
Stranski and 'I' Forster 

Nate of Mcltinq Effect of Tension — The effect of tensile stress upon 
the rate at which ice melts when exjiosed to air slightly aliove 0 °C has 
been studied by O Fabian Using cylinders of ice, all of the same size 
(diameter = 54 cm) but differently loaded, and all exposed simultaneously 
111 a room in which the air temperature was 09°C. he found as follows- 

1 oad . 0 25 50 kg* 

loss in weight 2t) 17 5 13 g/hr 

Crystalloluminescence. 

Stateiiu'iits to the effect that rontus, in 1833, observed that water 
Iniiiincsccs when it freezes — that it exhibits crystalloluminescence — appear 
to be incorrect. 

The announcement of Pontus’s observation’-- states that when a glass 
bulb with a small tubular neck 1 or 2 cm long is completely filled with 
water, wrapped with cotton soaked with ether, and placed in a receiver 
which is then e\haiiste«I. then a si>aik. visible m full daylight, jumps from 
the neck some moments liefore freezing occuis (“quelques installs avant la 
longelatioii nne ilnieelle Inen Z’nible en plein jour s'&happe du petit tube 
qui teimnie rainpoule") This is certainly not the description of crystallo- 
luininesccnce . and that no such brilliant light accompanies either the freez- 
ing of water or the formation of frost, however rapid the process, is to be 
inferred from the total absence of am mention of it in the voluminous 
records treating of those processes Any one can readily satisfy himself 

K iiscliew. R snil Strmski, \ "S Z Phvsik Chrm (A), 17D, 295-299 (I91S) 

>'*l'6r'<trr T, lirm ITS. 177 186 (1916) 

O , Rcftrt Lrfrr rhysik (Carl). 12. 397-404 (1876) 

'«Traut*, M, Z fliMik Chem , S3, 1 111 (1905) Mdlor, J W , "A Comprehenaive TreatiK 
on Inorganic and Thnomical Cbemistrv, %ol I, p 465, London, Longmans & Co, 1922 
“Pontus, J rfcim mad, 9 , 429-430 (1833) -• Ann d Phystk (Papg ), 28, 637 (1833) 
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that if there is any crystalloluminescence involved in such freezing it is cer- 
tainly very weak and can in no sense lie confounded with the phenomenon 
observed by Pontus His entire description indicates that the spark 
observed was a secondary phenomenon 

98 Transiiion of Ice to Icf 

(See also. Types of Ice, Section 57 ) 

The numerical data of various kinds pertaining to the transition of ice 
to ice having been given elsewhere (external wotk and change in volume 
and latent heat. Section 95 , transition temperature, Table 270 , phase dia- 
gram, Section 93), only a few descriptive items remain for this section 

Ice-I can be carried into the domains in which ice-II and ice-III are 
stable, but ice-II cannot be carried into that of either ice-IIl or ice-V, 
ice-III can be carried into the domains of ice-I, ice-II, and ice-V, ice-IV 
occurs between the domains of ice-III and ice-VI, within that m which 
ice-V is stable, but it is totally unstable with reference to icc-V. vanishing 
entirely if ice-V appears (BbOO)*, ice-V can lie earned into the domains 
of ice-II and ice-IIl, and into that of ice-VT at temperatures well below that 
of the triple point, but near that point it cannot be tarried the slightest 
distance into the domain of ice-VI , and ice-VI can be carried far into that 
of ice-V, and can be kept there for a coiisitlerable tune without changing 
into ice-V 

The velocity with which one type of itc changes to anotlicr, when carried 
over into the pressure-temperature domain in winch the second is the stable 
form, ranges from explosive rapidity near the triple point of higher temper- 
ature to extreme sluggishness at lower tem])eratures For examjile, when 
ice-III IS formed from ice-I at temperatures above — 30 °C, the reaction 
runs "with explosive velocity,” sometimes producing a sliarp, audible click 
(B478) ; but at — 70°C the change is so slow as to lie not appreciable 
within 4 hours, even though the pressure be several hundreds of kg*/cm® 
from the equilibrium one (B476) Since the latent heat vanes but little 
with the temperature, it is obvious that something else is of prune impor 
tance m the regulation of the speed of transition What it is, is not known 
(B535). 

The possibility of carr>ing ice- VI into the domain of ice-V seems to 
depend upon conditions that one might expect to be quite unessential. For 
example At temperatures alxivc —25 ‘’C, but below the melting line, ice-VI 
could regularly be carried far into the domain of ice-V, but if bits of Jena 
glass were placed m the water, then ice-V promptly appeared (BS03-506) 
At lower temperatures ice-V could be obtained from either ice-II or ice-III 
without the presence of glass (B506) 

For further details, see the papers on which these statements rest — 

♦ For such references, see end of this section 
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P. W. Bndgman.^^® Such references as ( B593-506) , occurring in the text, 
refer to the pages of these papers. All but one (B600) refer to the first; 
that one, obviously, to the second. 

99. Miscellaneous Changes Accompanying Phase Transition 

Here are assembled those changes accompanying pliase transition that 
do not fit satisfactorily into the preceding sections, and in general, only 
those changes that have been directly observed. Others will be found 
recorded in the pertinent sections, or may be derived from data given 
therein. 


Table 283. — Change in Refraction with Change in Phase 

From the observations of others, P. Holeinann has computed the 
following values of the molecular refraction' R = M(^n^ — l)/p(n^ + 2), 
where M = molecular weight (180154), n = index of refraction, and 
p = density. Subscripts v and I indicate tliat the value refers to the vapor 
and to the liquid, respectively. 


Unit of X = 1 mu = 10-'' cm, of If = 1 cmVe-mole 


X 

R, 

Rt 

100 (Tfi-Jf.) 

43S8 

3 8262 

37851 

411 

4678 

38041 

3 7637 

404 

4800 

37969 

3 7571 

398 

S01.6 

3 7854 

3 7463 

391 

5086 

3 7820 

3 7427 

393 

5461 

3 7660 

3 7269 

3 91 

587.6 

3 7510 

3 7124 

3.95 

643 9 

3 7371 

3 6965 

406 

6563 

3 7344 

3 6931 

4.13 

6678 

3 7321 

3 6903 

418 


Table 284. — Change in Absorption Spectrum with Change in Phase 

The bands in the absorption spectrum of water vapor are more numer- 
ous than those in the spectrum of either water or ice, and have a very com- 
plicated “fine structure”; those in the .spectrum of water and of ice are 
nearly devoid of “fine structure,” and those of water may have sharp edges 
whereas those of ice do not The wave-length corresponding to the maxi- 
mum of absorption in a given band common to all three phases increases 
as the substance passes from vapor to hquid to solid, (cf. MRB.®) This 
increase in A on passing from one phase to the next is here called AA. 

For ice there is a band at A = 4.75 pt, for water one at 4.7, but there is 
no corresponding band for water-vapor (El®). 

For the vapor the bands at A = 1 44 and 2 00 are stronger than for 
water, but the reverse is true of those at A = 0 97 and 1.20 p. (Co®). 

ui Bridgman, P W, Proc. Am Acad. Arit Set, 47, 441-558 (1912); J. Phys’l Chtnt . 3. 
597-605 (1935), Idem. !t, 964-966 (1937). y J. J. rayct i-nrm. a, 

Haiemann, P, Z phynk. Chem (B). 33, 353-368 (1936). 
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Table 284. — (Continued) 

Unit of \ and AX — 1 il— 10*A = 10“^m 


Vapor Water 

100 "C 

^ \ ^ 

A\ 

Ref* 

/— Vapor — — s 
220 •€ 120 *C 

\ 

, Water , 

97 “C 20 ‘C 

Ref* 






• 


1 404 1 47S 

0071 

Dr 

1.414 1 414 

1.468 

1475 

St 

1 885 1.970 

0 085 

Dr 

1.881 1 881 

1945 

1954 

St 

2661 2.916 

Water 

0 225 

'Ord 

X (0 *C) - 

Pa 

— ~ — ' 
Ext 

2600 2 620 

Ord 

A\ 

Ekt 

2.950 

Ref* 

St 

0 745 

0 79 

0.81 ' 

0 045 

006S’ 

PI 


0.845 

089 

092 

0 045 

0075 

PI 


098 

102 

106 

004 

008 

PI 


1215 

126 

1 29 

0 045 

0075 

PI 



* References • 

Co CdlitM, J R , Phyi Rev (2). 20. 486-498 (1922) 

Dr Dreiach, T , Z Phynk, 30, 200-216 (1924) 

El EHm, J W., pm Mag (7), 3. 618-621 (1927) 

MRB McLmtian, J C, Ruedy, R, and Burton, A C, Proc Roy Soe London (A), 120, 
296-302 (1928) 

Fa Pimhm, F., quoted by Dr, preeumably from Ann d Phystk (Wied ), S3, 334-336 

PI Pljler.'E K,J Opt Soe .dmer. », 545-S55 (1924). 

St Stansfeld. B , Z Phynk, 74, 460-46S (1932) 


Raman Spectra. 

The displacements of the most prominent lines or bands as the phase 
and temperature are changed are shown in Table 285. I, R. Rao 
regards these changes as arising from changing proportions of the mole- 
cules (H 2 O), ( 1120 ) 2 , and (H20 )s present in the substance. To (HjO)8 
he ascribes Xs = 3.13 ft. (5v = 3195 cm*^) ; to (H20)2, Ar = 2.93 (8y = 

3413 cnr^) ; and to (H 2 O), A* = 2 77 /» (8v = 3610 cm'*). On the other 
hand, G. B. B. M. Sutherland has attempted to explain the changes in 
terms of but two types of molecules — H 2 O and (H 20 ) 2 — , ascribing the 
fiy = 3200 cm'* line to (H20)2. 

In the spectrum of the vapor there is only a single prominent line 
(8y = 3655 cm'*), which is fine and sharp, in that of water, there are no 
prominent sharp lines, but there are two prominent bands, one very broad 
and complex ; in that of ice near 0 °C, there are two bands, each much 
narrower than the water bands, and at about — 190 °C there are two fairly 
sharp lines, one intense.*** 

Water of crystallization gives a Raman spectrum that is very similar 
to that of ice, but the lines are sharper.*** 


i»Raa, I R , Proc. Roy Soe London (A), 145, 489-508 (1934). 
'••Sutherland, G. B B M, Idem. 141, 535-549 (1933) 


>•• Btaagavantam, S, Indian ]. Phye , & 49-57 (1930) Cabannca, T, and de Riols, J, Compt 
rend, 118, 30-32 (1934). Daure, F., and KaaUer, A, Idem, 192, 1731-1723 (1931). Ganeaan, A. S, 
and Venlrateswaran, S, Indian J Phys , 4, 195-280 (1929) Ran, I R, Idem, 3, 123-129 (1928) 
Nature, 12& 600 (1930), Proc. Roy Soe London (A), 145, 489-508 (1934); Phtt. Mag (7), 17, 
1113-1134 (1934) Kohlrausch, K. W. F, “Der Smekal-Riunaii Effekt," Springer, Berlin, 1931. 

•••CabanneB, J , and de Rida, J ,•*> Ganeaan, A S, and Venkateawaran, S ,••• Kriahnan, K. S.. 
Indian J Phys, 4, 131-138 (1929); Kohlranach, K W. F.,'" and many othera. 
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Table 285. — Change in Raman Spectrum with Change in Phase 


Unit of tfp = 1 cm-' , of Xr ~ 1 fi — 10-* cm 


Phaae , 

I. I R Rao” 


— dv — 


' ' 


— Aa — 



Ice 

3196 

3321 



313 

3 01 



Water 0 'C 


3321 

3502 



3 01 

286 


Water 98 'C 
Water-vapor 



3466 

3655* 



288 

2.74‘ 

II. A. S. Ganesan 

and S. 

Venkateswaran.*" 





Ice 

3193 

3391 

3549 

5349 

313 

295 

282 

1.85 

Water 2355 

3199 

3453 

3609 

5502 425 

3.13 

2.90 

2.77 

1.82 

III. Several observers. 








Water 

Water-vapor 

3214 

3440 

3604 

3655 

311 

2.91 

2.77 

2 74 


* Measurement by P Daure and A Kastler.*" 


Magnetic Susceptibility. 

At the request of Piccard, G. Foex measured relatively the specific 
susceptibility (x) for the same specimen of water when frozen and when 
liquid. He found that at the moment of freezing the numerical value of x 
decreased by 2 4 per cent of its value for the liquid T. Ishiwara 
reported a minute change in the same direction, and of approximately the 
same magnitude, and more recently, B, Cabrera and H. Fahlenbrach 
found 2.2 per cent. 

"Piccanl. A, Arch Sn phyt el not (4), 35, 209-231, 340-359, 458-482 (1913) 

“•I«hiwara, T, Set Rep Tdkoku Univ , Sendat (I), 3, 303-319 (1914) 

» Cabrera, B, and Fahlenbrach, H, An Soc Eip Fts y Qmm, 31, 401-411 (1933), 




V. Miscellanea 

100. Miscellaneous Phenomena and Data 

Penetration of Solids by Water. 

If either glass or quartz is exposed for 5 or 10 minutes to water (or to 
certain other liquids) at a pressure of 15 000 atmospheres, or over, and the 
pressure is then suddenly released, the glass or quartz will be broken, per- 
haps shattered. This is explained by the gradual penetration of the com- 
pressed liquid into the solid, which is unable to withstand the resulting 
stress when the outer pressure is removed ^ 

Thermal Anomalies of Water. 

M. Magat - has concluded that the existing data indicate that most of 
the physical properties of water exhibit thermal anomalies m the neighbor- 
hood of 35 to 40 °C. 

A. P Wills and G F Boeker •'* and S Seely ^ report that the thermal 
variation of the magnetic susceptibility of water is anomalous in the range 
35 to 55 °C, the anomaly being marked at each extreme 

G. Tammann ® reports that the existing data show that each of many 
properties of water ha.s either a maximum or a minimum value near 50 °C 

J. Timmermans and H Bodson ® find that their determinations of the 
surface tension of water show a clear anomaly at 13 °C. 

Impact of Solids upon Water. 

The resistance offered by water to the impact upon its surface of solids 
of various forms has been studied by S Watanabe.'^ 

Table 286. — Volume of the Water Meniscus: Special 

(See also Table 287.) 

By the volume of the water meniscus is meant the volume (v) of water 
that lies above the horizontal plane that is tangent to the bottom of the 
meniscus in a vertical, cylindrical tube of circular cross-section (radius = r), 
the angle of contact being zero. The quantity / = v/irr^ may be called the 

» Foulter, T C , and Wilson, R O , Phys Rev (2), «, 877-880 (1932) 

•Magat, M, Jonr de Phys. (7), f, 179-181 (1935). 6 , 64S-65S (1935), Trans Faraday Soe , 
a, 114-120 (1937) Especially the first 

•Wills, A P, and Boeker, G F, Phys Rev (2), 46, 907-909 (1934) 

* Seely, S , Idem. S2, 662 (L) (1937). 

•Tammann, G, Z anorg allgem Chem , 255, 49-61 (1937) 

•Timmermans, J, and Bodson, H, Compt rend, 204, 1804-1807 (1937) 

• Watanabe, S, Set Papers Inst Phys Chem Res (Tokyo). 23, 118-137, 202-209, 249-255 
(1934). 
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Table 286. — ( CoHtinued) 

equivalent height of the meniscus ; the values of I commonly given for water 
in tables of constants are those (la) determined experimentally by Robert 
Bunsen, and published in his “Gasometrische Methoden,” 1877 * ; they are 
all too small. The following values of I and v have been computed in part 
from the table given by F. A. Gould • and in part from that published by 
S. Sugden.“ Graphical interpolation and smoothing were employed. 

In the experimental work of W. Bein the angle of contact was not 
zero. 

o®s2y/(p — a)g = 0.15 cm® at 15 “C, 0.14 cm® at 50 °C (see Table 
225) ; y = surface tension. If 2»' < 1 mm, I is essentially equal to r/3 ; 
if 2r > 5 cm, then, within less than 0 5 per cent, v/r = 0.438 cm® when 
0® = 0.14 cm®, and 0.470 cm- when o* = 0.15 cm® 


Unit of o* = 1 mm* = 0 01 cm*, of r and of J = 1 mm, of t» = 1 mm* — 0 001 cm* 



14 

IS 


14 

IS 


j 





1 

016 

016 ' 


013 

013 

2 

0 32 

032 


104 

104 

3 

047 

047 


3.3 

33 

4 

0 60 

061 


7S 

77 

5 

0 72 

073 


141 

14 3 

6 

0 82 

083 


23 2 

23 S 

7 

090 

092 


.146 

35 4 

8 

097 

099 


488 

498 

9 

100 

100 


64 

64 

10 

106 

107 


83 

84 

11 

1 10 

1 12 


104 

106 

12 

1 12 

US 


127 

130 

13 

1 13 

1 17 


ISO 

155 

14 

1 14 

1 18 

110 

175 

181 

IS 

1 12 

1 16 

103 

199 

206 

16 

1 13 

1 17 

097 

226 

234 

17 

1 12 

1 16 

091 

254 

264 

18 

1 12 

1 16 

0 87 

284 

295 

19 

1 11 

US 

084 

316 

326 

20 

1 10 

1 14 

082 

346 

358 

22 

108 

1 12 


409 

420 

24 

103 

109 


467 

493 

26 

098 

104 


523 

552 

28 

094 

099 


575 

610 

30 

089 

094 


628 

665 

32 

084 

090 


678 

722 

34 

080 

086 


729 

779 

36 

076 

082 


779 

833 

38 

0 73 

078 


825 

885 

40 

069 

0 74 


870 

936 

42 

066 

0 71 


916 

985 

44 

063 

068 


960 

1032 

46 

060 

0.6S 


1004 

1080 

48 

0 58 

062 


1048 

1127 

SO 

056 

060 


1092 

1174 

" Biinsen, Robert, 

“(lesninmelte 

Ahhand 

vo) 2, I> 

IM, T.riprig, 1904 



"Could, F A, /nt Cm Tahirt, 1, 73 (1926) 

“Sugden. S, J Chem Soe. (London), 119, 1483-1492 (1921). 
"Bern, W., Z. Intt.-knnde. 48, 161-163 (1928). 
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Table 287. — Volume of the Water Meniscus: General 
(Adapted from A. W. Porter.^® See also Table 286.) 

These valued for vertical circular cylinders and for cones diverging 
upwards are based u^n the tables of Bashforth and Adams if r/j8 < 5, 
and upon the formula derived by the late Lord Rayleigh for large tubes if 
r/p > 5. They assume that the contact angle is zero, otherwise they apply 
to any fluid, an appropriate value being assigned to fi. Here, ^ = y/ 
(p — o)g = a®/2, a® having the same significance as in Table 286; y = sur- 
face tension ; 2<f> = vertex angle of the cone ; r = radius of the tube where 
met by the meniscus ; A = the elevation of that intersection above the 
(horizontal) plane that is tangent to bottom of the meniscus; v = volume 
of liquid lying above that plane ; = value of v as obtained from Table 286. 

Unit of and a ~ 1 mm, of v ~ 0 001 cm** ^ 1 mm* 

I Cylinders 


2 (PC --«»)-> . 14 . . IS 


Cl K V 

no 

v/rP 

V 

r« 

V 

Vs 

0 88S3 

0 2053 

119 

12 

132 

13 

1 8687 

14092 

820 

81 

909 

89 

21688 

1 98.57 

1155 

115 

1281 

127 

24074 

2 4966 

1453 

144 

161 1 

160 

29192 

3 6847 

2144 

211 

2378 

234 

31646 

4 3264 

2517 

247 

279 2 

274 

S 

9077 

5281 

535 

585 7 

592 

6 

11 4635 

667 0 

672 

739 7 

747 

7 

13 7109 

797 7 

803 

884 7 

894 

8 

15 8528 

922 4 

923 

1022 9 

1028 

9 

17928 

10431 

1040 

11568 

1157 

10 

19 966 

11617 

1156 

12884 

1286 

[ I Cones 

— — 0 “ 10® 



0 45» 


no 

h/O 

v/rO’ 

no 

h/0 

v/x/p' 

0 7916 

0 4292 

0 0425 

0 6658 

0 2660 

00067 

1 3507 

0 6617 

0 2053 

1 1780 

0 4388 

0 0796 

1745 

0 7841 

0 4272 

1 5566 

0 5414 

01826 

2 0428 

0 8563 

06570 

18484 

0 60.59 

02847 

2 2804 

0 9031 

0 8773 

2088* 

06492 

042.34 

3 0372 

10025 

1 7650 

2 4464 

0 7030 

0 6563 




2 5923 

0 7206 

0.7644 




2 8376 

0 7456 

09080 

This appears once as 

2 088 and again as 2 0833 




Table 288. — ^Radiation from an Ideal Black-body Radiator 

(Adapted from F. E. Fowler.®**) 

The energy radiated per unit time by a unit area of an ideal (black- 
body) radiator at t °C is 10"i?. If there is present another body not at 

’•Porter. A W, Pfci/ Mag (T), 14, 694-700 (1932) The study is continued and extended in 
Porter, A. W, Trans. Faraday Soe . », 702-707, 1307-1309 (1933); Phil Mag. (7). XT, 511-517 
(1934) 

I* Bashforth and Adams, “An Attempt to Test the Theory of Capillary Action," Cambrldee 
Univ, Press, 1883 

••Sayleigh, Lord, Prof. Roy Soe. London (A), 92 , 184-195 (1916) 

Fowle, F. E , “Smithsonian Physical Tables," 8th revised edition, p 313, Table 307, Wash- 
ington, 1933. 
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Table 288. — ( Continued) 

absolute zero (—273 “C), then radiation will be received from it, and the 
net loss of energy by the ideal radiator will be correspondingly less than R. 

10"if = trT*, where <r = 5.73 10'®erg/cm®sec, T = (273 + 0 °K, tem- 
perature = t °C , 1 kcal = 1000 cal = 4185 joules = 4185-10^ ergs. 


Unit-* 

1 erB/em'sK 

1 cftl/cm^sec 

1 licd/cin*hr 

t 

R 

n 

R 

n 

R 

n 

0 

319 

5 

766 

-3 

276 

2 

100 

1 11 

6 

266 

-2 

9 58 

2 

200 

2 87 

6 

689 

-2 

248 

3 

600 

618 

6 

148 

-1 

5 33 

3 

400 

1 18 

7 

283 

-1 

1 02 

4 

500 

205 

7 

492 

-1 

1 77 

4 

600 

3 33 

7 

799 

-1 

288 

4 

700 

514 

7 

123 

0 

443 

4 

800 

760 

7 

182 

0 

6 55 

4 

900 

1 11 

8 

266 

0 

9 58 

4 

1000 

1 50 

8 

360 

0 

1 30 

5 

1100 

204 

8 

487 

0 

175 

5 

1200 

2 70 

8 

645 

0 

2 32 

5 

1300 

3 51 

8 

839 

0 

3 02 

5 

1400 

449 

8 

107 

1 

386 

5 

1500 

5.66 

8 

136 

1 

490 

5 

1600 

7 0 S 

8 

169 

1 

607 

5 

1700 

8 68 

8 

208 

1 

747 

5 

1800 

1 06 

9 

253 

1 

911 

5 

1900 

128 

9 

306 

1 

1 10 

6 

2000 

1 S 3 

9 

3.67 

1 

132 

6 


Vision under Water. 

R. E. Cornish has described a spectacle lens that facilitates vision by 
an eye immersed in water Such immersion greatly reduces the refraction 
of the eye, the index of refraction of the aqueous humour being nearly that 
of water. 

Sea-water. 

Properties of sea-water that are analogous to those of pure water will be 
found in the appropriate sections for water, if given at all m this compila- 
tion Data pertaining to its composition and temperature are given here. 

The composition of sea-water varies from place to place, and from time 
to time, depending upon the evaporation and the inflow of fresher water 
from streams, ice-bergs, and precipitation G Wust has stated that the 
salinity {S) of the surface layer of the sea far from shore is given by the 
formula S' = 35.74 + 0.0126(E-P), where E and P are, respectively, the 
rate of evaporation and of precipitation (unit of S = 1 g salt per kg of 
sea-water ; of E and P = \ mm per day) For values of E, see Table 277. 
Sea-water averages about 35 g of salts per kg, all chemical elements are 

“Comish, RE, / 0^. Soc Amur, 23, 430 (1933). 

**Wu8t, G» Meteor Z, 38» 188-190 (1921) ^ VerSffentl Inst Meereskunde (N»F)m aeoo* 
fMftffw. Fexke, Heft 6^ (1920). 
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represented, most of them by very minute amounts. The relative amounts 
of the more abundant are shown in Table 289. 

In the surface layers of the oceans the salinity increases from about 35.1 
at the equator to about 36 near latitude 25°, and then decreases, reaching 
about 30 near 70° N and 33 near 70° S , in general the salinity is somewhat 
greater in the southern hemisphere than at the corresponding latitude in the 
northern one Our knowledge of the distribution of salt throughout the 
depth of the oceans is very imperfect. 

The mean temperature of the surface layers of the oceans is about 27 °C 
at the equator, 20 °C at latitude 30°, 4 8 °C at 60° N, 0 0 °C at 60° S, and 
— 1 7 °C at 80° N and 80° S ; in general the temperature is lower in the 
southern hemisphere than in the northern. The mean temperature of the 
oceans from top to bottom is about 4 8 °C at the equator, 3 °C at latitude 
45°, -0 6 °C at 75° N, and +09 °C at 75° S.” 

Table 289. — Composition of the Salt of Sea-water 

Cl = total mass of chlorine per unit mass of sea-water; m, and Cl, = 
mass of the indicated salt and of the associated chlorine, respectively, per 
unit mass of sea-water ; 5" = salinity = total »i. From the values tabu- 
lated, it follows that 5" = 34 4 g/kg, Q = 18 99 g/kg, S' = 1.812C1, Cl = 
0 5525" The actual value of S' is subject to variations, but the ratios iw./S', 
and 5/Cl are essentially constant 



l/nit of 9, Cl, and m, = 

1 g/kg 


Salt 

m. 

m./S 

a. 

NaCl 

269 

0 783 

16J3 

MkCI, 

32 

0094 

238 

MgSOi 

22 

0064 


CaSO. 

14 

0 039 


KQ 

06 

0017 

028 

Rest . 

01 

0003 


Total 

344 

1000 

1899 


Surprises. 

Here are listed a few of the things referring to water that seem to the 
compiler to be thought-provoking They are merely those he happened to 
jot down They, and probably others equally worthy of a place in this list, 
have been considered elsewhere in connection with related phenomena. 

1. The density of water that has stood in contact with carbon or with 
thoria is abnormal^® (p 225). 

2 The vapor pressure of water in contact with catalysts is abnormally 
great. Prolonged heating, followed by a return to the initial temperature, 
affects that increase, and weeks may be required for it to return to its 
pristine value “ The existence of this effect has been questioned (p. 560). 

w Krummel, O , "Handb d Ozeanog Bd 1, 1907 

"Krummel, O, and Ruppin, E, Wist Metrtnniers (N F ), 9, (Abt Kiel), 27-3S (1906). 

“Peel, Robinaon, and Smith, Nature, 120, 514-515 (1927) 

* Baker, H B , / Chem. Soe. (London), 1927, 949-958 (1927). 
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3. Under the same conditions as in the preceding, the degree of Mso- 
ciation of the water, as computed by the method of Ramsay and Shields 
from the temperature coefficient of the surface tension, is abnormally great, 
and shows similar variations after prolonged heating.*® The existence of 
this effect has been questioned (p. 172). 

4. Different samples of nominally identical water may have different 
indices of refraction (p 279). 

. 5. The density of ice-I seems to be subject to well-marked variations 
(p. 463). 


Interpolation. 

If the values fo, fi, fj, fa ... of f(jr) corresponding respectively to the 
values Xq, Xi, Xa, Xa . . • are knovm, the .r’s progressing by equal steps 
(xi = Xo + s, Xa = xi -I- s, Xa = Xa -hs, . then the value of f(x„ h), 
•*"n + A lying between and x„ -f s, may be found by means of formula ( 1 ) 


, A(A-l), - l)(/fe -2) 

+ h) = + ka„ H — b„ H — Cn -t- 


2! 

k(k - 1)(A -2)(A - 3) 


3! 


4! 


dn + 


f 1 




= fn + k 


(I - k){2 - k)(3 - k) 


-A, , (l_fe)(2-A0 

^ -|- (n 


24 


d„ + . . . j- 


( 1 ) 


m which the symbol ' (read “factorial”) indicates that the continued prod- 
uct of all the integers from one to that appearing before the symbol is to 
be taken (4! = 1 X2x3x4 = 24) ; k = h/s, a quantity that is less than 
unity; and a,, bn, Cn, d„, ... are the successive tabular differences (A) asso- 
ciated with Xn, as given by the following scheme, in which flo = /i — fo, 
= fa fi ... bg = a-i — flo, bt ~ Oa — fli, .. Cg — bi — bg, c-y = 

ba — bi etc. The subtraction must always be made in the direction 

here indicated, and the proper sign must be given to the difference. 


s 

Hr) 


Aa 

As 

A. 


fo 

Oo 

ba 

Ca 

d. 

Xx 

u 

Oi 

b. 

Cs 

rfi 

x^ 

h 

Oa 

b. 

Ct 

dt 


/» 

Oa 

ba 

Cb 

d. 

• 

• 

• 

■ 

* 

• 

Xm. 

fn 

On 

bn 

Cn 


• 

• 

• 

• 

• 

• 

• 

• 

• 


* 



“Damien, B C, Ann Sci teole Norm Snp (2), 10, 233-304 <272-278) (1881) -* Jonr. de 
23W38 (1881) v. d. WSIUgen, f. k k,’Arch Mus Teyltr, 1, 74-116, 161^00. 
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This is a subject index. That is, each page reference following an 
entry indicates the location of information that bears in some manner on 
the subject covered by the entry, no matter what may be the actual word- 
ing of the text. In many cases the index entry is a more comprehensive 
term than the pertinent one in the portion of the text to which reference 
IS made. 

In order to facilitate the use of the text, the same information has, in 
many cases, been indexed under several entries, each being in some manner 
appropriate. Nevertheless, the user will now and again fail to find an 
entry that he expects. In such cases the information sought may be found 
under a synonym of that entry, or under some more comprehensive term , 
if not so found, the section, or sections, in which it should be given may be 
found by reference to the Table of Contents. If this also fails, the inference 
is that the compilation does not contain the information sought. 

A main entry that is followed by subordinate (indented) ones carries a 
page reference only if it refers to a mam section of the compilation or if 
there are pertinent items not specifically covered by any of the subordinate 
entries, and only for such items. Such partial references are enclosed by 
parentheses. 

Symbols used to denote mathematical and physical quantities and units 
of measure are not indexed individually. Those not explained in the text 
where used should be sought under the word "symbols.” 

Explanatory words indicating the nature of the quantity or of the infor- 
mation given, the field concerned, the phase of the substance, the indepen- 
dent variable {p, t, v, etc.) are enclosed in parentheses. Inversion of the 
natural order of the words is indicated m the usual manner, by capitalizing 
the first letter of what would naturally be the initial w’ord, and placing a 
comma before it, thus : Association, Molecular = Molecular association. 

The same index entry may cover many pages. If these are consecutive, 
then only the first page is given, unless there seems to be danger that the 
user may fail to notice over how many pages the pertinent information 
extends , m which case, either the extreme pages are indicated or the initial 
page is followed by a -f . If the pages are not all consecutive, then the 
initial page, modified as just described, is given for each group of con- 
secutive pages. 

If a term is defined wherever used, its definition is, in general, not 
specifically indexed. In other cases, the page on which the definition occurs 
is indexed and followed by a d ; if it is desired to indicate that other perti- 
nent information is to be found on the same page the d is enclosed in 
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PROPERTIES OF ORDINARY WATER-SUBSTANCE 


parentheses; otherwise it is not. If the same term is defined in each of 
several sections, then reference to each of these definitions is usually given, 
thus relieving the user of the necessity of turning to a distant portion of the 
volume. 

The following abbreviations are used cf. = compare ; d = definition is 
on this page ; eff. = effect of, or on ; g r = which see = seek in the index 
the term preceding the q.v.i see 4- = see also; a + placed after a page 
number means “and following pages” , vapor = water-vapor. 


a <4i08ociation) 26d 
a-partielei: 

Dissociation 36, 178 

— Vapor 56 

— Water 178 
Absorption: 

— Anomsdoua 352d 
— /J-rays 178 

— Cosmic rays, rss y-rays 

— Dielectric, res Dideetnc absorption 

— Electric 352 

— Electric waves (water) 

Anomalous 329^ 352(d). 360, 362«, 368 

Bands 329\ 360. 363. 368 

— Gamma rays, sep Y-rays 

— Gases in water (^8+ Solubility) 

Air (O 534, 539 

Coefficients 529d. 534d, 53Sd. S45d 

Mean (0 529, 536 

— — Oa (thin films) SS4 

Pressure (eff , p, t) 540, 546 

— — Rate 552 
Sea-water 548 

— Index 3Sld. 371 

— Neutrons by water 178 

— Optical and thermal radiation 

Air (moist) 127, 130, 131 

COa 126 

Filters using water 334 

Glacier 493 

Ice (491) 

Intercrystallic 491 

— Monochromatic 490 

Transmission (total) 491 

Snow (491 +, 493) 

Sunlight 492 

— — Solutions 330 

Vapor (125+, 136+) 

Air (moist) 127, 130, 131 

Diathermacy 130 

Monochromatic 125+, 128 

— — Water (natural) (334+) 

Daylight 337 

— Effective 336 

Monochromatic 335 

Water (pure) (325+) 

— Film (thin) 329 

Filters 334 

— — — Glass (eff.) 329 

— — — Monochromatic 326 

Pressure (eff ) 332, 346 

Scattering 347 

Solar radiation 333 

Temperature (eff ), 332, 340 

Transmission (total) 332, 346 

— Sound 

— • — Gases, Moist 70 

Vapor 70 

Water 196 

— Spectrum; Spectrum 

— Thermal, Absorption Optical 

— X-rays; see 'y-ra 3 r 8 
Absorptivity, eee Absorption. 

Acceleration of gravity (normal) 7 
Accommodation coefficients (two) 620d, 622d ' 


Acoustics (jee+ Sound) 

— Ice 460 

— Vapor 68 

— Water 191 

Active gas (glow discharge) 158 
Activity (Lewis and Randall). 

— Defined 594 

— Water S94+, 597 
Adhesiveness of ice 428 
Adsorbed water: 

— Vapor pressure 574 
Aeration of water 553 
Age Effect on 

— Evaporation 631 

— Photoelectric emission 339 

— Surface-tension 518 

Agitation of electrons (thermal) 59 
Air 

— Composition 548 

— - Convectivity 493(d) 

— Effect 

• - — Conduction (electric) 375, 377 

Density of vapor 578 

Density of water 198, 251 

Dielectric constant (water) 358 

— — Hydrogen-ion concentration 377 

— — Melting point 604 

— —Specific neat 257 

— — S|)ectrum (rotation) 148 

— — Surface-tension 524 

Tensile rupture (water) 179, 180 

— - Vapor-pressure (ice) 600 

Vapor-pressure (water) 560+, 562, 563 

Viscosity 190 

— Moist air 

Absorption (radiation) 127, 130, 131 

Absorption (sound) 70 

Conduction (thermal) 123 

Diathermacy 130 

Ratio of specific heats 111 

'Velocity ot sound 71 

'Viscosity 66, 67 

— Molecular, weight 534 

— Solubility 534, 539 

— Solubility in sea-water 548 

— Solution (rate) 553 

— Supersaturation of 633 + 

Air-water surface (electric charge) 609 
Albedo (486d) 

— Snow 486 

— Water 299 

Alkalinity (sea-water) 549d 
Alpha-particles, see n-particles, supra 
Angle. Brewstenan 296d 
Angle of contact 522 
Angle of repose 428(d) 

An^trom (unit) 6d 
Anisotropy of molecule 

— Oxygen SO 

— Vapor 49 

— Water 177 
Anode glow I57d, 161 
Anomalies (thermal, water) 175. 651 
Anticipatory effects 167, 282, 398 
Antistolces spectrum 303d 

Arc (dectric) in water 383 
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Architecture (water; 161d, 172 
Area (sectional) of molecule 41 + 

Arrangement of data 1 
Association* Molecular 

— Change with phase 622 

— Constant (Ramsay and Shields) 520 

— Degree 169(d) 

— Ices 424 

— Vaiior 54. 90, 601 + 

— Water (jee+ Linkage 161+) 

Equdibnum 169, 170, 256, 262, 279, 282, 

385+, 560, 644 

Evidences 166 

— ■ — lce<ontent 169 
Asymmetry (ice crystals) 401, 418 
Atmosphere, Normal (viuue) 6 
Atmospheric gases, see Air 
Atmospheric nuclei 419, 636 
Atomic beams (reflected by ice) 428 
Attachment of electrons (probability) 59 
Attenuation of radiation 

— Factor 492d 

— Glacier 493 

— Neve 493 

— Snow 492 

— Water 337 
Autobanc 557d 
Autopiestic 557d 
Avogadro's number (AT) 9 

/3-rays 

— Absorption (water) 178 

— Luminescence 317 

Band spectrum, see Spectrum 
Bar (unit) 6d 
Beams, Atomic 428 
Bending of ice 434 

Bernal-Fowler theory (water, ice) 16S+, 174 
Bertbelot's equation of state 595 
Beta-rays, see /S*rays, supra 
Biological observations 171 
Birefringence 

— Electric 381 

— Magnetic 395 
-—Natural, see Refraction Ice 
B1«ick'body radiation 

— Intensit)r (/) 653 

— Transmission 
Ice 491 

— — Moist air 130 

Water 332 

Boiling point (579d) 

— Formulas 580+ 

— Nuclei required 579 

— Solute (eff) 582 

— Superheating (water) 579, 622 

— Values 580 

Boltzmann’s constant (,k) 8<d) 

Bomliardment, Electron (vaiKir) 33+, 57 
Break-down voltage 

— Ice 505 

— Vapor 154 

— Water 384 
Brewstenan angle 296d 
Brightness m 

— Glacier 493 

— Sea 337 

— Snow 492 
Brittleness of ice 444 

Brush discharge m water 383 
Bubbles 

— Floating 526 

— Movement of 528 
Bubbling, Electrification 61, 609 
Bunsen, absorption coefficient 545d 

C'sbannes-Daure effect 302(d) 

Callendar’s equation of state 55, 78 
Callendar’s theory of water 164 
Calorie (254d) 

— Mechanical equivalent 254 

— Value used 6, 255 


Capacity, Specific inductive, see Dielectric con- 
stant. 

Capillarity, see Surface-tension 
Capture, Coefficient 620d, 621 
Catalyst, Effect on 

— Surface-tension 519 

— Vapor-pressure 560 
Cataphoresis 609 
Cathode (definitions) 

— Drop in potential 157d 

— Glow 156d 
Cavitation 191 
Cavities 

— Freezing in 406, 642 

— Liquid in quarts 189, 642 
Cell tneory of ice 402+ 

Cerenkov effect 304, 317 
Characteristic wave-length 356(d) 

C harcoal (efl on temp max density) 276 
Charge, Electrical. 

— Evaporation (eff ) 625 

— Space charge (ice) 496, 507 

— Surface 609 

— Surface-tension (eff) 518 
Clapeyron’s equation 603, 618 
Cleavage of ice 403, 415, 424 
Cloucl-limit 633(d), 635 
CoaMregation volume 5Sd 

Coemcient (definitions For values see name of 
property) 

— Absorption 

i^parent (radiation) 325d 

— — Fluorescent 323 

Gases 529d, S34d, 535d, 545d 

Optical 126d 

— — Photoelectric 323d 

— — True due to scatter 323d 

Accommodation (two) 620d, 622d 

— Capture 620d 

— Diffusion of gases in 

(jases 72d 

Liquids 555d 

— Entrance 552d 

— Exit 552d 

— Friction 428d 

— Joule-Thomson 119d, 269d 

— Scattering 323d 

— Solubility 535d 

( ohesion dielectrique 354d 
Collisions of molecules (number) 38 
(^ollixlion filters 319 
Colloids, Effect on 

— Rate of solution 555 

— Solubility 551 
Color of 

— Cr.*iter Lake 348 

— Ice 398, 487 

— Sea 348 

— Sea-ice 423 

— Water 

Change near 0® C 167, 398 

Scattered light 347 

Transmitted light 346 

Turbidity, Effect 335, 347 

Cdumn, Depression of capillary 526 
Combination of Hs and O.** 

— Bibliography (brief) 11 

— Ehergy, disposable 19(d) 

Ice 25 

Vapor 22 

Water 24 

— Heat of 12 

Composition, Stoichiometric (water) 12 
Compressed (water) 198d 
Compressibility, see Compression 
Compression 

— Adiabatic (water) 

Compressibility 

— — — Sea-water 252+ 

Water 246 

Heat 271 

Increase in temperature 269+ 

— Dihydrol 168 
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< ompresgion (Cont’d) ‘ 

— Isotbenoal ; 

Deerease internal energy (water) 269 

— — Dihydrol 168 

Heat (water) 268 

Ice 471 

Trihydrol 168 

Vapor, see Volume, Specific 

Water. 

Decreaae internal energy 269 

Dilated water 241 

Heat 268 

Natural 252 

Pure 239+ 

Unpolymerized 168 

— Linear (ice): 

DeaenptiTe 431 

Melting, Internal 411 

Strenra 448 

YiclMg, Rate 432 

— Trihydrol 168 
Compton effect 323d, 325 
Concentration 

— Hydrogen-ion 377 

— Ionic (symbol defined) 377 
Condensation of vapor (620+, 632) 

— Atmospheric nudei 419, 636 

— Atmospheric vapor 418+ 

— Cloud-lifflit, 633d, 635 

— Metals, On 637 

— Nuclear 633 

— Snow, On 637 

— Supercooling 633d 

— Supersaturation (633, 634d) 

Engine and turbine. In 633 

Conductance, Specific (aee+ Conduction, elec- 
tric) 374d 

Conduction (electric) 

— Ice (S0S+)' 

Conductivity 504, 506, 508 

— — Resistance 509 

— — Space charge 496, 507 
Types of conduction 507 

— Vapor 154 

— Water (natural) 

Ram-water 380 

Sea-water 380 

— Water (pure) (373) 

Air (eff) 375, 377 

Conductivity 373 

Conductivity, Equivalent 375 

Hydrogen-ion concentration 377 

Ionization (electrolytic) q v 

Ionization exponent 377+ 

Ionization product 377+ 

X-rays (elf) 373 

Conduction (thermal) 

— Air, Moist 123 

— Ice- 

Bulk 482 

Crystal, Single 481 

Snow 483 

— Relation to other properties 123 

— Sea-water 275 

— Snow 483 

— Theory 274 

— Vapor 121 

— Water 273 

Conductivity (see+ Conduction) 

— Apparent 352d, 504, 506 

— Dipole 352d 

— Equivalent 375d 

— Volume 351, 374 
Constant: 

— Association 520 

— Avogadro's (AT) 9 

— Bditziiiann’s (fi) 8 

— Cotton-Mouton 395 

— Cryoscopic 606d, 608 

— Diuociation 26 

— Ebulliosc^c 582 (d) 

— ESb^s 520 

— Equilibrium (ionization) 377+ 


Constant (Cont'd) 

— Havdoek 382 

— Henry’s law 545 

— Kerr 381 

— Lorenz (refraction) 484(d) 

— Mobility 60 
-Planck’s (fi) 8 

— Ramsay and Shields 520 

— Sutherland 40, 63 

— Verdet 388 
Contact angle 522 (d) + 

Contact charge (electrical) 609 
Ointraction (ice) 423, 468+ 

Convection 552, 621, 625 
Convectmty (air over snow) 493(d) 
Conversion factors 6 

Cooling (evaporation) 625 
Copper (permeable to vapor) 74 
Corona (electric, in water) 383 
Corpuscular radiation and 

— Ice 428 

— Vapor 56 
-Water 178 
Cosmic radiation 

— Absorption by water 322 
Cotton-Mouton constant 395(d) 

Crater Lake (color) 348 
Cntical-point data (557+) - 

— ■ Definition (ent. pt ) 557d 

— Dihydrid 168 
— •Trihydrol 168 

— Viscosity 66 

— 'Water-substance (557+) 

— —Criteria 557 

Values 558 

Crookes’ dark space (156d) 

— Electron distribution 159 

— Magnetic field (eff ) 1 58 
Cryosconic constant 606d, 608 
Crystallographic structure (ice) 398, 425, 434 
Crystalloiuminescence 646 

Crystals of ice (see+ name of property) • 

— Asymmetry 401, 418 

— Growth 409, 415 

— Monocrystals (production) 415 

— N^ative 406(d) 

— Orientation 

Optic axis 408, 409+, 415 

— — Secondary axes 411 

— Structure 398, 434 
Curvature of surface (eff ) 

— Evaporation 623 

— Vapor-pressure 513, 568, 623, 611 
Cybotactic state 162(d), 301(d), 321 


Uark space (glow discharge) , see Crookes , 
Faraday 

Daylight, see Sunlight. 

DeWe 

— Dipole equations 353+, 357 

— Dipole tteory 352, 357 

— Drude-Debye relations 355 
Defect- 

— Phase; see Phase defect 

— Pressure 88, 91 

— Specific volume 81-85 
Deformabillty 

— Ice (429+) 

Brittleness 444 

Compression q v 

Extension 432 

Flexure 414 

Flowing 422, 430, 417 

Hardness 450 

Penetration 436 

Plasticity, see Vi'coaity 

Poisson’s ratio 446 

Punching 435 

Recovery (stress) 443 

Rigidity 446 

Shearing strength 449 

Sustaining power (ice sheet) 457 
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Deformsbility lee (Cont'd) 

— — 'Tenede strengtli 447 

— — Viecoiity q v 

~ — Young's modulus 444, 447 
Molecule 47, 50, 54, 119, 149 

— Snow (458)* 

Density 460, 462, 484 

— — Hardness 459, 460 
Strengtli 460 

— — Tamping (eff) 459 
Degassing (ultrasonic) 196 
Dense ice 39S~f, 397 
Density 

— Dihydrol 168 

— Glacier 462 

— Ice (462). 

— — Icc'I at 1 atm 462'468 

Tcc'l, III, V, VI, Vn, at melting points 

467 

— — Ice^II, III, VI, not at melting points 468 

Solutions, From 423, 463, 469, 470 

Variability 462+ 

— Mercury (normal, cm^Hg) 7 

— Neve 462 

— Nitrogen, Atmospheric 5 34 

— Oxygen 534 

— Snow 460, 462, 484 

— Trihydrol 168 

— Vapor iw¥ Volume Specilic) 

Gas (eff ) S60+, 577 

Saturated (ice) 601 

— — Saturated (water) 575, 577, 591 

— Water (4ee+ volume* Specific) (198 f) 

Abnormal values 202+ 

Air (eff) 198, 251 

— — Atmospheric pressure 199 
C and Th (eff ) 225 

— — Maximum 275 

Melting points (p) 467 

— — Saturated 583, 591 
Sea-water 248, 277 

— — Uniformity 198 

Variability 202, 206. 225 

Depolarization (radiation) 

— Jsictor 50d, 300d 

— Vapor 134 

— Water 305, 306, 308 
Depolymerization (dissolved ice, heat of) 108 
Depression of capillary column 526 
Depression of melting point 605+ 

Deuterium cimtent n.Uxiral water 12, 202 
Deuterium oxide v 

Diamagnetic properties, tee Susceptibility 
Diameter (molecular) 39, 41 
Diathermacy, see Absorption, Optical and 
thermal 

Dielectric absorption (352d) 

— Ice (504) 

— —Apparent conductivity 352d, 504, 506 
Pnnse defect 49Sd, 5044 

— --Relaxation time 35Sd, 496 

— Water 363, 368 
Dielectric constant (3S0d) 

— Ice (495+) 

Dispersion 497-503 

— — Drude-Debye constants 497 
Gas (eff ) 496 

Hysteresis 496 

— — Relaxation time 496+ 

Solutions (ice from) 496 

— — Space charge 496 

— Saturation 354, 358 

— Sea-water 368 

— Vapor (151) • 

Data (numerical) 152 

— — Debye’s equation 46-47, 151, 353 

— Water (357+) 

— — Absorption bands 129^, 3C0, 303, 308 
Absorption index 371 

Air (eff) 358 

Anomalous dispersion 329^, 352d, 360, 

362*, 368 

(^onduetivity (eff.) 351 


Dielectric constant* Water (Cont'd) 

Debye's eguation 353, 357 

Debye's theory 352+ , 

— —Dispersion 329*, 351, 360, 362f 

— —Electric field (ot ) 354, 358 
-- — Film, This 358 

Frequency, Variation with 359+ 

Glass (eff.) 360 

— —Polarizability 366, 368 
Pressure, Variation with 367 

— — Saturation 354, 358 
Sea-water 368 

Tables (0360, (^)368, (0364, 366 

Temperature, Variation with 363 

— — Transition wave-length 372, 497 
Variability 358 

— Wave-length (characteristic) 356(d) 

Diriectnc loss, see Dielectric absorption 
Dielectric strength, 

— Ice 505 

— Vapor 154 

— Water 384 
Dielectrics (types) 351 
Diffraction (x-rays) 

— Ice 

Periodicities 489 

Unit cell 425 

— Water 

Intensities 321 

— — Periodicities 320 
Rings 319 

Temperature (eff ) 321 

Diffusion (gas), 

— Coefficient 72d, 555(d) 

— Hydrogen through Cu 75 

— Vapor 

Copper, Through 74 

— — Gas, Into 72 

— — Rubber, Through 75, 76 
Solids, Through 73, 76 

— - Water, Into 555 

Diffusion (radiation) (^rr+ Scattering) 

— Glacier and neve 493 
— -Snow 492 

Diffusivity (gas), see Diffusion (gas) 
Diffusivity (thermal) (,jee+ Conduction, ther- 
mal) 

— Ice 482 

— Snow 483 
Dihydrol 164d, 168 

Dilated (vapor, water) 78d, 198d 
Dipole conduct'vity 352 
Dipole moment 

— Dissolved water 175, 176 

— Vapor 46, 53 

— Water 175 
Dipole theory 3S2 
Discharge (electrical) 

— Vapor: 

— — Glow discharge q v 

— — Sparking potential 155 

— — Strength (electrical) 154 

— Water 341, 383 

Disintegration of ice 401, 403, 41^ 420, 457 
Dispersion (see+ Refraction, Dielectric con 
slant) ‘ 

— Electric waves 329*, 351(d), 355, 359 

— Verdet's constant 389 
Disposable energy, see Energy 
Dissociation 

— o-rays, By 36, 178 

— Constant 26d 

— Fraction^o 26d 

— VaTOr (ref+ Ionization) 

— — Bomliardment, By 33, 57 

— — Glow discharge, In 34, 158+ 

— — Ionic 33+ 

— — Photochemical 33 

— — Thermal 25, 28, 34 

— Water 

— — Arc, In 383 

— — Ionic 35 

— — Photochemical 35 
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Dissociation Water (Cont'd)* 

Spark* In 341* 384 

Distortion (molecule, rotation) 54, 119, 149 
Diurnal rang^e, set Temperature 
DMumentation 1 

Double refraction, see Birefringence 
Drcraa 

— Age and evaporation 631+ 

—> Evaporation 623, 627, 631 

— Floating 526 

— Freezing 640-642 

— Persistence 631 

— Shells of vapor 632 

— Vapor*preB8ore 513, 568, 623, 631 
Drude-Debye constants (ice) 497 
Drude-Debye relations 355 

Dust-free water (preparation) 318 * 

Dyne (unit) 7d 


tbullioscopic constant 582(d) 

Elasticity (ice) 

— Limit 447-448, 453, 457 

— Poisson's ratio 446 

— Recovery from stress 443 

— Rigidity 446 

— Shear 447 

— Young's modulus 444, 447 

Electric field (eff on), cf Electrification 

— Birefringence 381 

— Dielectric constant 354, 358 

— Reflection 486 

— Refraction 125, 283, 381 
Surface-tension 518 

— Viscosity 189 

Electrical discharge, see Discharge 
Electrification by bubbling, etc 61, 609 
Oectrification (eff on) 

— (Evaporation 625 

— Surface-tension 518 
Electron 

— Attachment (probability) 59 

— Bombardment of vapor 33, 57 + 

— Configuration 54 

— Distribution (Crookes' space) 159 

— Emission (photo-electric) 

— — Ice 494 
Water 339 

— Energy of agitation 59 

— Free path 59 

— Ionization 33, 57+, 158 

— Luminescence (excited) 317 

— Velocity 59 
Electron-volt 57(d) 

Electro-optics (Kerr effect) 381 
Emission, Photo-electric 

— Ice 494 

— Water 339 
Emission (radiation) 

— Glacier 493 

— Ice 493 

— Neve 493 

— Snow 492, 493 

— Spectrum (vapor) 149 

— Wpor 131 

— Water 339 
Eimissivity, see Emission 
Empty water, w Dust-free water 
Endosmosis, Electrical 609 
Energy, Disposable (20d) 

■ — Formation (19) 

— — Formulas (general) 19+ 

Ice 25 

Vapor 22 

Water 24 

— Ionization 36 

— Phase transition 619 

— Rdation to “free energy" 20 
Energy expended m 

— Dissociation (glow discharge) 35, 160, 161 

— Exciting radiation 321 

— Ionization of vapor 33, 57, 161 
Energy, Free (constant pressure) (20d) 

— Ice 480 


Energy, Free (Cont'd) 

— Relation to disposable energy 20 

— Vapor 117 

— Water 264, 480 

Energy, Internal (change in) * 

— Isothermal compression (water) 269 

— Phase transition 616 

Energy, Molecular surface (capillarity) 519 
Energy of molecules 

— Rotational 33, 44 

— Translational 39, 40 
Energy, Technical 20d 
Energy, Thermal 

— Ice 474 

— Vapor 91, 584 

— Water 256, 584 

Engine cylinder (supersaturation in) 633 
Enthalpy {H) (8d) 

— CHoud limit 635 

— Ice 265, 480 

— Vapor, Dilated 92, 111, 114, 115 

— Vapor, Saturated 585 

— Water, Compressed 265, 480 

— Water, Saturated 265, 585 
Entrance coefficient S52d, 553 
Entrapment, Factor 492d 
Entrapment of radiation 492, 493 
Entropy 

— Cloud limit 635 

— Ice 265, 480 

— Increase on phase transition 616 

— Vapor, Dilated 92, 116, 117 

— Vapor, Saturated 116, 586 

— Water, Compressed 264, 267, 480 

— Water, Saturated 264, 586 
liotvbs constant S20(d) 

Equation of state (vapor) (78) 

— Berthelot's 595 

— Callcndar’s 55, 78 

— Keyes, Smith, and Gerry's 78 

— - Lmde's 78 

— Naumann's 595 

— Wohl's 90 
Equilibrium 

— Constant (electrolytic) 377, 379> 

— Ice and ice 607 

— * Ice and vapor 598 

— Ice and water 467, 602 

— Polymers in water 169, 170, 256, 262, 279, 
282, 285+, 560, 644 

— Vapor and water 556-575, 579-583 
Equivalent 

— Conductivity 375(d) 

— Electrolytic 37Sd 

— Height of meniscus 651(d) 

— Mechanical (of calorie) 254 

— Units, Of 6 
Erg (unit) 7 
Eutectic solution 606d 

Evaporation (jee+ Vaporization) (620, 

622 (d)+) 

— Bibliography 622 

— Cooling by 625 

— Drops 623, 627, 631 

— Effect of 
Age 631 

'Aspect of surface 625 

Charge (electric) 625 

Convection 621, 625 

Curvature of surface 623 

Films on surface 624, 630 

Layers, Blanketing 623, 624, 630, 632 

— — Stress 624 
Wind 625 

— Rate 621, 624, 626, 630, 631 

— Sea-water 627, 630 

— 'Superheating (water) 579, 622 

— Temperature of surface 62+626 
Excitation of radiation by cosmic and Y-rays 304. 

321, 325 r / » 

Excited atoms and molecules (interaction with) 
57, 60 

Exit coefficient 552d, 554 
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Expansion (adiabatic, decrease in O 

— Vapor 119 

— Water 269, 277 

Expansion (cloud chamber) (633d} 

— Not adiabatic 635 

— Stages 634 

— Tames 634 

Expansion (thermal, cubical) 

— Dihydrol 168 

— Ice (465, 468) * 

— — Incipient melting 423 

— — Isopiestic 469 

— — Solutions, From 469, 470 

— Trihydr^ 168 

— Vapor, see Volume, Specific 

— Water (Mr+ Compression, Water) : 

— — Compressed 

— — — Formulas 234, 235 

— — » Isopiestic 199-225, 230, 232 

— — Dilated 241 

— — Saturated 583 

Expansicm (thermal, linear, ice) 472 
Elxponent (ionisation) 377(d)-379 
Extension of ice (tension) 432 
Extrusion of ice 440>442 


F araday dark space lS6d 
Faraday effect, see Verdet constant 
Festigkeit elektrische 154d 
Films isee+ Layers) 

— Oil (eff , solution of gas) 555 
Stability (liquid) 528 

— Surface film (thickness) 

Evaporation 623, 624, 632 

• — —Surface tension 512+, 527 

— —Viscosity 189 

— Water 

• Absorption of Oa 554 

— — Absorption of radiation 329 

— — Dielectric constant 358 

— — Rigidity 390 

Filters of water (radiation) 334 
Fine-structure (siiectrum, vapor) 137-149 
Flexure of ice 434 
Floating drop^ and bubbles 526 
flow ^ ice 422, 430, 437+ 

Flowers of ice 405 
Fluctuations, Theory 320, 347 
Fluorescence 

— Characteristics 300 

— Ice 487 

— Vapor 134 

— Water 304 


Fog, Viscosity 66 

Force, Range of molecular, see Molecular Force 
Formation: 

— DisMsable energy (20d) 

Formulas (general) 19 + 

— ■ — Ice 25 

Vapor 22 

— ' — Water 24 

— Frazil ice 407 

— Frost 419 

— Heat 

Equations (general) 12 

Ice 18 

Vapor 14 

Water 17 

— Ice q V 

— Ice-sheet q v 
—•Needle ice 407 

— Needles of ice 417, 637 

— Sea-ice 423 

— Snow 419 

— Water (synthesis), see Combination of Hs 
and Of. 

Forms ot ice and snow 398-424 
Fraction dissociated 26(d) + 

Frazil ice 407 

Free energy; see Energy, Free (constant pres- 
sure) 


Free path (dectrodos, molecules) (37-41)* 

— Ef&tive 37(d), 39, 40 

— Electron* 59 

— Initial, Total 39 

— Sutherland 37(d) +, 39 
Free time (molecular) 39 
Freezing (iee+ Mdttng) (637) : 

— Anticipatory effects 167, 282, 398 

— Cavities, In 406, 642 

— Droplets, Of 640-642 

— Pressure exerted by 397, 449 

— Rate 644 

— Supercooled water, 396, 416, 637+ 

— Tension (cif ) 646 

— Tubes, In 641, 645, 646 
Freezing-point, see Melting-point 602-608 
Friction, sliding (ice) 428 

Frictional electricity 609 
Frost 419 

Fugacity of water 594(d) 

Fusion, see Melting, Heat, Latent 


Y^rays ialso Cosmic rays). 

— Absorption (water) 321 

— Compton effect (water) 325 

— Excitation by 304, 321, 325 

— interaction with matter 321 + 

— Luminescence (excited) 304, 321 

— Scattering of: 

(Coefficient 323d 

Compton effect 325 

— Distribution (angular) 324 

Water. By 321 

Gamma rays, see Y-rays, supra 
Gas (jee+ Air) 

< — Absorption by water, see Absorption, Solu- 
tion 

— Activity m glow discharge 158 

— Degassing (ultrasonic) 196 

— Diffusion in vapor 72 

— Effect on 

— — Absorption of sound 70 
• — — BoiUng-pomt 582 

Density of vapor 560+ , 577 

— — Dielectric constant 358, 496 

— — Eraissivity (vapor) 132, 133 

— - — Melting-point 604 

Surface-tension 524 

Tensile rupture 17*>, 180 

• Vapor-pressure SOOt*, 562, 563, 577 

Viscosity 190 

— Melting-point of solutions of 605 

— Rate of solution of 552 

— Solubility of, q.V. 

(jas constant 

— Boltzmann's (molecular, h) 8 

— Gram-mole value (R) 9 
Gibbs function (20d) 

— Ice 265, 480 

— Vapor 117 

— Water 265, 480 
Glacier 

— Attenuation (radiation) 493 

— Brilliance in 493 

— Density 462 

— Emissivity 493 

— Entrapment (radiation) 493 

— Flow of 421+, 437+ 

— Grains 420 

— Lightning strokes 422 

— Temperature (diurnal range) 422, 493 

— Transmission of radiation 492 

— Viscosity 453, 454, 456 
Glass 

— Effwt on. absorption (radiation, water) 329^ 

— Effect on dielectric constant 360 

— Penetration by water 651 
Glow discharge. 

— Activity oi gas 158 

— Anode glow (thickness) 161 

— Crookes* dark apace 

— — Electron distribution 159 
— ‘ — Magnetic field (eff«) 158 
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Glow discharge (ContM) 

— Current-voitaire relation 160 
— ■ Defimtions 156 

Dissociation 34» 158+ 

» Dtstribution 161 
-—-Energy 35, 160, 161 

Nature 159+ 

Eate 158 

— — Various data 160 

— 'Electrons, Distribution 159 
— • &iergy eacpended* 

— — Dissociation, In 35, 160, 161 

— — Distribution of 161 
-r Magnetic fidd (cff ) 158 

— Negative* column 156d 

— Positive column 
Spectftnn 159 

— — Vanishing 157 

— ’Spectrum of positive column 1S9 

S moie 8d 
ram calorie « 

— Delink 254 

Equivalents 6, 254, 255 
Gram-formula weight (gfw) 7 
Gram-mole (8d): 

— Number of molecules in (N) 9 
— Number per cm* 38 
Gram-weight (g*) 7(d) 

Gravity, Acceleration of (normal, g) 7 
Growth of ice 
— Crystal 409, 415 
— Sheet 407 

h (Planck's) 8 
Hail 418 
Hardness 
— Ice 450 
— Snow 459, 460 
Havelock constant 382 
Heat 

— C apacityj see Hea^ Specific 
— Conductivity, see C’onduction (thermal) 

— Content, see Enthalpy 
— Latent 
— — Fusion 

Ice 562, 615-618 

— — — Trihvdrol 168 
— — Internal of expansion 
— — — Vapor 119 

Water 269 

Phase transition 613(d) 

Sublimation 614 

— — Vappnxation 

— Dihydrol 168 

Ice-I 614 

— Trihydrol 168 

— — — Water 613, 616 
— Mechanical equivalent 254 
— Specific 

Dihydrol 168 

— . — H 2 (Randall's choice) IS 

Ice (474) • 

— — — Apparent 474, 477 

— Dissolved ice 168 

— Molecular 265, 478, 480 

True 479 

— — — Washburn's choice 562 

Internal (vapor) 102 

— — Oa (Randall's choice) 15 

Ratio of 

Vapor 110 

Water 262, 264 

— — Relation to other properties 123 

Sea-water 263*, 272 

— — Trihydrol 168 

Vapor (dilated) (91+) 

— — — Formulas 92, 95, 100 

Integral (cs-»o) 95 

— Internal 102 

Molecular (Cs) 99, 117 

— Molecular (Randall’s choice, Cp) 15 

Molecular (C.) 105, 107 

Pressure constant 9S+, 111 


Heat, Specific, Vapor (Cont’d) 

— — — Pressure “ 0 95 
Ratio 7 cp/cp 110 

— — — Volume constant 101, 103+, 119 
Vapor (saturated) 586 

Water (264); 

Air (eff.) 257 

— — —Difference (cp fp) 262, 264 

— — — Formulas 264 

Mean (1 atm) 259 

Molecular (Cp) 264, 480 

Molecular (Randall’s choice) 18 

— — — Pressure constant 257, 480 

Pressure constant (Waahburn's choice) 

562 

— — — Ratio 7 “ cp/cp 262, 264 

— — — Saturation, At 260, 263 

— — — Sea-water 263*, 272 

Unpolymertzed water 168 

— Volume constant 257, 261, 262 

— Total 59Id 
Heat of 

— Compression (water) 

Adiabatic 271 

Isothermal 268 

— Depolymerization (dissolved ice) 168 

— Formation* 

Equations (general) 12 

Ice 18 

Vapor 14 

Water 17 

— Tonic dissociation 13 

— Sublimation 614 

— Vaporization 168, 613, 616 
Heating by sunlight 333 

Heavy water (Deuterium oxide) v 
Height of meniscus, Equivalent 651(d) 

Henry's law constant 545d 
Homogeneous ice (production) 414 
Hot ice 643 
Hydrogen 

— Bonds unequal m H 3 O 158 

— Diffusion through Cu 75 

— Specific heat (Randall's choice) 15 
Hydrogen>ion concentration 177+ 

Hydrol 164d, 168 

Hydrone 173d 
Hydronol 173d 

Hydroxyl-ion (moments of inertia) 46 

Ice (see+ name of property) 

— Adhesiveness 428 

— Appearance of 

Ice-I 398 

Ice-III 196 

— Bending 434 

— Brittleness 444 

— Cdl theory 402 

— Cleavage 403, 415, 424 

— Colloidal 165, 407 

— Color 398. 487 

— Contraction 423, 468, 470 

— Crystals q v 

• — Deformability q v 

— Dense ice 395, 397 

— Depolymerization (dissolved ice) 168 

— Disintegration 401, 401, 415, 420, 457 

— Extrusion 440-442 

— Flexure 434 

— Flowers of ice 405 

— Flowing 422, 430, 437 

— Formation 398+, 407-412, 414, 424 

— Forms of 398+ 

— Frazil ice 407 

— Freezing; see Ice, Formation, Freezing 

— Friction 428 

— Frost 419 

— Glaciers Q v, 

— Hail 418 

— Hardness 450 

— Homogeneous ice (production) 414 

— Hot ice 643 

— leeherga 420 
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Ice (ContM) 

— - Icicles 409, 417 
— ' intercrystaihc material 402, 491 

— Internal melting 401, 403+, 411 

— Molecular data 424 

— Monocrystals {production) 415 

— Needle ice 407 

— Needles of ice 417, 637 

— Negative crystals 406 {d) 

— Nuclei for formation 618, 644 

— Opalescence 415 

— Penetration 436 

— Piezo-electric 510 

— Pressure exerted by (maximum) 397, 449 

— Punching 435 

— Purity 403, 414 

— Pyro-electnc 510 

— Quincke’s theory 401 + 

— Radon content 414 

— Recovery from stress 443 

— Recrystallizatiott 412, 418 

— Regelation 412, 437 

— Sawing of 444 

— Sea-ice 423 

— Sheet ice 407, 417 
Snow a V 

— Stretching of 432 

— - Structure 
Hulk 40! 

— Crystals 171, 398, 425, 434 

Molecule 421 

Suiwrhcatmg of 643 

— Thrust bv 397, 449 

— Types of 395 

— Vitreous 396 

— Welding of 437+ 

Ice-coni ent of water: 

— Amount 169 

— l^epolimeriaatfon (heat of) 168 
Specific heat 168 

Ice I (sce^ name of propertj) 

— Apfiearance 398 

— Ilefined 395 
Two forms 399 

Icc-Ill (w+ iMiHC of property). Appearance 
396 

Ice< — kice 

-- Kquilibnum 607 

— Latent heal 616, 618 
' — Transition 196, 647 
lce-j>oiiit (602d) 

— Absolute temperature 602 
> Air (efF ) 604 

— RciirodiiCibility 604 
TcC'sheet. 

--Forming of 407 

— Orientation of cr>st«i1s 408, 409 
-Strength 457 

Thickening 408, 409 
Icc<— >Vapor 598 
Ice<— *Water 467, 602 
Icebergs 420 
Icicles 409, 417 
illumination 

— Effect on surface-tension 118 

— niaocrs (internal) 493 

— Internal (defined) 492d 
Impact (solids, water) 651 
Inclusions, Liquid (quartz) 189, 642 
Index of absorption 311d, 371 
Index of refraction, see Refraction 
Inductive capacity, see Dielectric constant 
Inertia, Moments of: 

— OH-ion 46 

— Vapor molecule 44, 144 
Intercrystallic material (ice) 

— Absorption of radiation 491 

— Evidence for 402 
International . 

— Calorie (unit) 254d, 591d 

— Toule (unit) 5 

— Steam-tidile 591 
Interpolation 656 


Inversion temperature (Joulc-Thomson) 270, 277 
Ionization 

— Electrolytic (water) (377+) 

Air (eff) 377 

^—Equilibrium constant 179® 

— —Exponent 377(d)-379 

Pormulas 379« 

Product 377d, 378 

— Electrons, By (vapor) 

Energy 33, 57, 161 

Glow discharge 158 

Miscellanea 59 

Number of ions 59 

Potential 33, 57 

— Energy, Disposable 36 

- Excited atoms, etc 57, 60 

— Exponent 377(d) -379 

— Heat of (water) 35 

— Ilydrogen-ion concentration 377(d) 

— pH 377(d> + 

— Potential 33, 57 

— Product 377d, 378 
Ions 

— Conductivity, Equivalent 37Sd, 376 

— Mobility 60 

— Nature (vapor) 58 

— Production S7+, 609 
Isometrics 

— Vapor 85 

— Water 225, 238 
Isopiestics (vapor) 79 
Italics (use) 3 


Joule (unit) 5 

Joule^Thomson coefficient (n9d, 269d) 

— Inversion temperature (water) 270, 277 

— Vapor 119 

— Water 270 
Joule-Thomson effect 256d 


Kerr constant 381ii 
Kerr effect (optical) 381 
Kctteler’s dispersion formula 280, 291 
Keyes, Smith, and Gerry’s eq of state 78 
Kilocalorie, International 254a. 591d 
Kinetic data (vapor molecules) 40 
Kreusler corrected 329 
Kuenen absorption coefficient 545d 

Lag of 

— Equilibrium (molecular species) 170. 256, 
279, 385, 560, 644 

— Faraday effect 388 
Lambert’s law 492 

Latent heat, see Heat, Latent 
Layers, Boundary (zre+ Films) 

— Blanketing water 527, 623, 624, 610. 612 

— Transition (water, vapor) 296, 527 

— Water and solid 189. 512+ 

Light. Effect of, see Illumination 
Lightning and glaciers 422 
Linde’s equation of state 78 
I.inear expansion (ice) 472 
Linkage of molecules (water) 161(d) 

Liquid inclusions (quartz) 189, 642 
Liquid, Intercrystallic (ice) 402, 491 
Lorenz refraction constant 484d 
I^ummesccnce * 

— CabanneS'Daure effect 302 

— Cerenkov effect 304, 317 

— Definitions 100 

— Depolarization 300 

— Ice* 

Crystalloluminescence 646 

Fluorescence 487 

Raman scattering (487) 

Intensity 487, 488 

Spectrum 488 

Temperature (eff ) 487 

— — Rayleign scattering 487 

— Mechanical excitation 317 



666 
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Luminescence (Cont’d) * 

— Nitrogen (moist) 134 
'I'ypfs (characteristics) : 

Crystallolummescence 646 

Fluorescence 300 

Longitudinal scattering 306 

~ — Phosphorescence 300 

Raman scattering 302 

— Rayleigh scattering 301, 347 

— — Tyndall scattering 301 
X-ray scattering 321 

— Vapor 

Fluorescence 134 

— — Raman scattering 135 

— — Rayleigh flcattering 134 
X-ray scattering 136 

— Water- 

A-ray luminescence 317 

— — Depolarization 305» 306, 308 

— — Electron luminescence 317 
Fluorescence 304 

— — Y-ray luminescence 304, 321, 325 

— — Longitudinal scattering 306 

Medanical luminescence 317 

Phosphorescence, see Fluorescence 

— — Raman scattering q v 

— — Rayleigh scattering q v 

Tyndall scattering 301 

X-ray scattering 321, 324 


K^agnetic field (efifect) 

— Crookes* dark space 158 

— Refraction (birefringence) 395 

— Surface-tension 518 

— Susceptibility (water) 384 

— ViKOSity 189 

Magnetic properties, see name of property 
Magnetization, Coemcient of, see Susceptibility 
Magneto-optics, see Verdet*s constant 
Mass 

— Molecule of HgO 38 

— Vapor striking surface 38 
Maxwell’s theory of viscosity 452 
Mechanical eouivalent of calorie 254 
Melting isee'¥ Freezing) (637) 

— Internal (compression) 431 

— Internal (radiation) 403, 405 

— Latent heat; see Heat, Latent 

— Progressive (eflF)- 

— — Conduction (dectric) 508 

— — Expannon (thermal) 423, 470 
Specific heat 474 

— Stress (eff,) 430, 431, 437+, 646 
Melting-point (602d)* 

— Absolute temperature 602 

— Air (eff) 604 

— Aqueous solutions 604+ 

— Depression (solutions) 605+ 

— Normal 603 (d) + 

— - Pressure, Under 467, 603 
-Sea-water 606 

— Solute (^ ) 604 

— Solution of gas 605 
Meniscus of water 

— Equivalent height 651 

— Volume 651 

Mercury, Normal density (cm-Hg) 7 
Micron (unit, /i) 10 
Mobility constant 60d 
Mobility of ions in: 

— Air 60 

— Vapor 60 

Model of molecule 51, 144 
Moist air; see Air, Moist 
Mole, see Gram-m<ue 
Mole fraction 536d, 540d 
Molecular (zer+ Molecule): 

— Absorption coeflicient (gas) 529(d) + 

— Anisotropy 46, 177 

— Area Slf 

— Association ; tee Association. 

— Ccdlisions (frequency) 39 


Molecular (Cont'd) 

— Conductivity, Equivalent 37Sd 

— Data (miscellaneous)* 

Ice 424 

Vapor 37, 144 

Water 161 

— Distance 519d 

— Force (range) 56, 189, 191, 512+ 

— Gas-constant: 

— — Boltzmann’s (k) 8 

— — For g-mole (R) 9 
Kinetic data 40 

— Scattering (light) 134, 301, 305+, 347, 487 

— Scattering (x-rays) 319 

— Size 39, 41, 43, 52, 144 

— Specific heat, see Heat, Specific 

— Structure of ice-I 425 

— Surface energy S19d, 521 

— Volume 5i9d 

— Weight* 

Air 534 

H»0 (M) 9, 12 

H|0 (Rossini’s choice) 17 

Vapor at -75® C 602 

Molecule 

— Anisotropy 

— — Vapor 49 
Water 177 

— Area (sectional vapor) 41 

— Association («ee+ Association, Molecular) 
Ice 424 

Vapor 54. 90, 601+ 

Water 161, 166-172, 276, S60 

— Capture by liquid 620 

— Collisions per sec 39 

— Deformabuity 47, SO, 54, 119, 149 

— Depolymenzatiott (dissolved ice, heat) 168 

— Diameter 39, 41 

— Dipole moment q v» 

— Electron configuration 54 

— Energy (thermal agitation, vapor) 

Rotational 33, 44 

— — Translational 39, 40 

— ‘Escape from water S52+, 554 

— Force (range of) 56, 189, 190+, 512+ 

— Free path q v 

— Free time 39 

— Inertia, Moment of (vapor) 44, 144 

— Kinetic data 40 

— Mass 38 

— Model (vapor) 51, 144 

— Moment oi dipole, see Dipole moment 

— Moment of inertia 

— — OH-ion 46 
Vapor 44, 144 

— Momentum (angular, vapor) 44 

— Number of 

— — cm* (per) 38 

— — Cdliding per sec 39 

g-mole, Per (AO 9 

Stnking surface 38 

— Orientation of (water) 162+ 

— Packing of (water) 162 + 

— Polarizability qv 

— Reflection from liquid 620 

— Rotation, see ReonentabHity 353, 357 

— Size 39, 41, 43, 52, 144 

— Structure, see Molecule, Model 

— Velocity 38, 40 

— Vibrations (types) 142 

— Weight 38 

Moment of dipole, see DitoIc moment. 

Moment of inertia (moiecide) ; tee Mdeeule, 
Moment of inertia 

Momentum of molecule, Angular (vapor) 44 
Mottoerystals (production) 415 

Nageli’s theory (capillarity) 526 
Naumann’s equation of state 595 
Needle ice 407(d) 

Neales of ice 417, 637 
Negative column 156d 
Negative crystals 406(d) 
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Neutrons (absorption, scattennff) 178 
NeT« 462, 483, 493 
Nitrogen (atmospheric) 

— Defined 533/ 

— Density 534 

Nitrogen, Moist (luminescence) 134 
Normal 

— Acceleration of gravity io) 7 

— Atmosphere (atm) 6 

— Density of mercury (cm>Hg) 7 
~ Mdting>pomt 603 

Nuclei: 

— Atmospheric (condensation) 419. 636 

— Charge on (spraying, splashing) 609 

— Condensation on 633 

— Effect on boiling 579 

— Evaporation of drops on 632 

— Ice formation, Of 638, 644 
Number* 

— Avogadro’s (N) 9 

— Cdlisions of molecules 39 

— g-moles per cm® 38 

— Molecules per g-mole (N) 9 

— Molecules striking surface (gas) 38 


Ocean, see Sea. 

OH-ion 

— Life 148, 159 

— Moments (inertia) 46 

— Occurrence 151 

— Rotation 33, 142 

Oil (eiT , solution of gas) 555 
Opalescence (ice) 415 
Optical roUtion 

— Magnetic, see Verdet*6 constant 

— Natural 

Ice 495 

Water 350 

Orientation 

— Ice crystals 408, 409, 411, 415 

— Molecules (water) 162 
Orthobaric (term discussed) 557 

Ostwald absorption coefficient (gas) 535d, 545d 
Oxygen (see+ name of property) 

— Absorbed by thin film SS4 

— Anisotropy 50 

— Density 534 

— Interaction with vapor 70 

— Specific heat (Randall) IS 


P ackmg (molecules, water) 162 + 

Parachor 528(d) 

Path, Free; see Free path 
Pen^ration of. 

— Ice 436 

— Solar radiation, see Sunlight 

— Solids by water 651 

Period covered by compilation vi 
Periodicities, X-ray. 

— Ice 489 

— Water 320 

Permeability, Magnetic, see Susceptibility 
Permeability of solids 

— Copper (vapor) 74 

— Glass (water) 651 

— Miscellaneous solids 76 

— Quartz (water) 651 

— Rubber (vapor) 75, 76 
pH 377(d)+ 

Phase defect (35 Id) 

— Ice 49Sd, 504, SOS 

— Water 369. 372 
Phase diagram 608 

Phase equilibria, see Equilibrium 
Phase transition 

— Change on transition. 

Association 622 

Energy (internal) 616 

Enthupy, see Heat, Latent 

— — Entropy 6 16 
Refraction 648 


Phase transition Change on transition (Cont*d) 

Spectrum 648, 649 

Susceptibility (magnetic) 650 

— ■ . Vdutne 612 

— Energy, Disposable 619 

— Extemm work 612 

— Ice to ice 396, 647 

— Latent beat (613d): 

Fusion 168, 615, 616 

— — Ice to ice 617, 618 

— — Sublimation 614 

Vaporization 168, 613, 616 

— Rate (ice to ice) 647 

— Rate (watef to ice) 644 

— Water4-^ice 637 

— Water<-*vapor 620 
Phosphorescence^ see Fluorescence 
Photochemical dissociation 

— Vapor 33 

— Water 35 
Photoelectric effects 

— Emission (electrons) 

Ice 494 

Water (339) 

Age (eff) 339 

— Conductivity (eff ) 340 

Intensity 340 

— Voltaic effects (water) 339 
Piezo-electric effect (ice) 510 
Plan of compilation v 
Planck's constant (A) 8 
Plastic solid 452d 

Plasticity of ice-I, see Viscosity 

•Poise (unit) 9d 

Poisson's ratio (ice) 446 

Polarizability (didectric) 35 3d, 366, 368 

Polarizability of molecule (47d, 49d, 177d) 

— 0-ion 49 

— Vapor 49, 53 

— Water 177 

Polarization (electric, ice) 508 
Polarization (light, reflected) 296 
Polarization (light, scattered) 

— Vapor 134 

— Water 304, 305, 306, 308 
Polymerization, see Association 

Polymers (water, equilibrium) 169, 170, 256, 
262, 279, 282, 385+, 560, 644 
Positive column (I56d) 

— Spectrum 159 

— Vanishmg of 157 
Potential (dectrieal) 

— Cathode drop 157d 

— Contact; see Charge 

— Ionization 33, 57 

— Sparking (vapor) 155 

Potential, Thermodynamic ip constant) 20d 
Power, Rotatory, see Rotation, Opticd. 

Power factor, see Phase defect 
Prefixes for units 4 
Pressure 

— (^ritical 558 

— Exerted by 

Freezing water 397, 449 

Vapor (saturated) , see Pressure saturated 

vapor 

— -Water (isometnc) 225 

— Internal 181(d) 

Pressure defect (dilated vapor) 88, 91 
Pressure saturated vapor 

— Ice 598 

— Water (559d): 

Adsorbed water 574 

— • — C^oud limit 635 

Drops 513, 568, 623, 631 

Effect of; 

Air S60+, 562, 563 

Catalysts 560 

Curvature of surface 513, 568, 623. 631 

Gas S60+, 562, 563, 577 

History 560 

Solute 560-563, 574, 577, 582 

Temperature 568, S/0 
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PreMure saturated vapor Water Effect of 
(Cont»d) : 

Tension 570 

Formulas S62, 574 

Thermal slope 568, 570 

— — Values 

5 to +374* C (atm) 560 

— 0 to — 16® (T (mm-Hg) 562 

— — — 0 to — 50®C (miUibars) 563 

— — •—0 to +102® C (mm-Hg) 563 

_ ^ — Comparisons (mm-Hg, atm) 566 
Pressure water (compressed) : 

— Compresaion, Adiabatic 
Natural water 254 

— Pure water 246 

•>» Compression, Isothermal 
~~ Natural water 252 

Pure water 239, 241. 242. 245 

Isometrics (thermal) 225, 238 

— Specific volume (4^4- Volume, Specific) 
Pure water 203, 207 

Sea-water 248 

P-T associations (ice, phase equilib ) (597) 

— Ice to ice 607 

— Melting point (602d) of ice in* 

Pure water 603 

Sea-water 606 

— ~ Solutions 604+ 

— Triple points q v* 

— Vmx>r pressure (ice) 598 

P-V-T associations (scr+ Volume Specific) 

— Ice 462 

— Snow 462 

» Vapor, Dilated 78. S93 

— Vapor, Saturated 556. 591, 601 

— Water, Compressed, 198, 592 

— Water, Saturated 556, 591 
Product, Ionisation 377d, 378 
Punching of ice 435 

Punt 7 of ice 403, 414 
Pyro-electric effect (ice) 510 


Qu 


_fuarts 
LlQuid inclusions 189, 642 
— Penetration by water 651 

B uasicrystalline structure (water) 162, 165 
uincke's theory of ice 401 

Radian (unit) 9 
Radiation 
— Absorption, q v 
— Blade-body 653 

— Coniuscular (interaction with matter) 

Ue 428 

— — Vapor 56 

Water 178 

— Cosmic 322, 325 

— JSmissivity, see Emission (radiation) 

— Excited m water, see Luminescence 
- Filters using water 334 
— Ideal radiator 653 
— Luminescence q v* 

— Refiection q,v 
— Refraction t^v 
— Solar, see Sunlight 
— Transmission, see Absorption 
Radiator, Ideal 653 
Radon sn ice 414 
Ram-water 

— Electric conduction 380 
— Ds content 202 
Raman scattering* 

— Change with phase 649 
— Characteristics 302 
— Ice (487) * 

Intensity 487 

Spectrum 488 

— — Temperature (eff ) 487 
-Vapor 135 
~ Water (307). 

— — Analysis 312, 313 
Crystallisation (water of) 649 


Raman scajttering* Water (Cont*d) 

Intensity 308 

Polarisation 308 

Sdute (^.) 3ll 

..^Spectrum 314, 316 

Temperature (eff) 309 

Ramsay's procedure (surface-tension) 521 
Ramsay and Shields* relation 520 
Randafr* choice for epecifie heat 

— Ha, Ob( and vapor 15 

— Water 18 
Range 

— n-partides 

Vapor 56 

Water 178 

— Molecular force 56» 189, 191, 513 

— Temperature (diurnal); see Tcmperatiirt 
Raoult absorption coefficient (gas) 545d 
Rate of 

— Dissociation (glow discharge) 158 

— Evaporation 621, 624, 626, 630, 631 

— Frecsing 644 

— Solution (gas) 552 

— Transition (ice to ice) 647 
— ^ Yielding of ice qv 

Ratio of specific heats. 

— Vapor 110 

— Water 262, 264 
Rayleigh scattering 

— Ch.'iracteriatics 301, 347 

— Ice 487 

— Sea-water 305 

— Vapor 134 

— Water (305) 

— — Color 348 

— — Intensity 306 

— —Polarisation 306 
Recovery (ice, stress) 443 
Recrystallisation 

— Described 412 

— Migratory 412 

— Pressure, Under 438 

— Temperature of 412 
References (symbols) 2 
Reflection 

— Acoustic 
Ice 462 

Ocean bottoms 196 

--Atomic beams by ice 428 

— Molecules by liquid 620 

— Radiation 

Albedo 

Snow 486(d) 

Water 299(d) 

Formulas 296 

Ice 485 

— — Snow 486 

Water (296) 

Polarization 296 

Reflectivity 298 

Sea-water 299, 300 

Surface scattering 297 

Transition layer (thickness) 296, 527 

— Sound, see Reflection Acoustic 

— Vapor from liquid 620 
Reflectivity 296(d), 485 (d) 

Refraction 

— Change with phase 648 

— Dihydrol 168 

— Dis^rsion, see Refraction, Index 

— Dispersion formulas 124, 279, 287, 291 

— Double, see Birefringence 

— Electric field (eff) 125, 283, 381 

— Ice (484) 

— —Index, see Refraction, Index 

— — Positive uniaxial 484 

— — Tcmper.itiire (eff) 484, 485 

— — Uniaxial 484 

— Index (35 Id) 

Tee 485 

Reduction (air to vacuum) 282 

— — Vapor 124 
Water 279-295 
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Refraction (Cont*d) 

— Lorenz conitant 484d 

— Natural waters 295 

— Sea-water 295 

— Trihydrol 168 

— Vapor 123 

— Water (279) 

— — Birefnne^ce • 

— Electric 381 
— Magnetic 395 

— — Dispersion formulas 279, 287 
Electric field (eff ) 283, 381 

— — Index, see Refraction, Index 

— — Naturm waters 295 
Pressure (eff ) 294 

— — Sea-water 295 

— — Temperature (eff) (280, 288) 

CoefiiciAt 281, 290, 293 

< — ~ — Formulas 280, 291 

Index (t) 279-295 

Variability 279 

Reflation 412, 437 
Relaxation time 

— Dielectric 355d, 496 

— Rigidity 447 

— Viscositjr 452 
Rconentability (molecule) 

— Free 353 

— Restricted 357 
Repose, Angle of 428d 

Resistance (electric) , see Conduction (electric) 
Resistivity (acoustic, water) 19S(d) 

Resistivity (electric), see Conduction (electric) 
Rigidity 

— Ice 446 

— Water 190 

Rim of sea 300(d) 349(d) 

Rontgen ra>8, sec X-rays 

Rotation (molecules) , see Reorientabilit> 

Rotation (optical)* 

— Magnetic, see VerdetS constant 

— Natural 

— — Ice 495 
Water 350 

Rotation terms (spectrum, vapor) 137-149 
Rubber (permeability to vapor) 75, 76 
Rupture, Tensile (water) 179 

Salinity (249d. 654)* 

— Sea-ice 423 

— Sea-water 380, 654 
Saturated (defined) 

— Solution 528d 

— Vapor S56d 

— Water 198d, 556d 
Saturation (dielectric) 354, 358 
Sawing ice, 444 

Scattering (^-rays, x-raye)* 

— Coefficient 323d 

— Compton effect 323d, 325 

— Distribution (angular) 324 

— Ice 489 

— Vapor (x-rays) 136 

— Water 319, 321 
Scattering (light) 

— Longitudinal 306 

— Molecular 134, 301, 30S+, 347, 487 

— Raman q v . 

Ice 487 

Vapor 135 

Water 307 

— Rayleigh ^ v 

— — Vapor 134 
Water 305, 347 

— Sky 347 

— Snow 491 

— Surface (water) 297 

— Theory of fluctuations 320, 347 

— Tyndall 301 

Scattering (neutrons, water) 178 
Scattering (sound waves) by toluene 197 


Scope of compilation vi 
Sea 

— Brightness (internal) 337 

— Color 348 

— Light m 337, 349 

— Rraection 299, 300 

— Rim of 300. 349 

Sea bottom (reflection, sound) 196 
Sea-ice (423) 

— Color 423 

— Formation 423 

— Melting (progressive) 423 

— Salinity 423 

— Volume (maximum) 423, 470 
Sea-salt (composition) 655 
Sea-water 

— Absorption (radiation) 335 

— Alkalinity 549d 

— Atmospheric gases in 548 

— Brightness, Underwater 357 

— Carbon dioxide 548 

— Color of sea 348 

— Composition 
Salt 655 

Surface layers 655 

Water 654 


•Compressibility 252 + 
- Conduction 


Electrical 580 

Thermal 275 

— Daylight (penetration) 334, 337, 349 

— Density 248, 277 

— Dielectric constant 568 

— Evaporation 627, 630 

— Expansion (adiabatic) 277 

— Freezing point, see Melting-point 

— Gases, Atmospheric (solubility) 548 

— Heat, Specific 263*, 272 

— Light in (spectrum) 337 

— Maximum density 277 

— Melting-point in 606 

— Ns in 548 

— Os m 548 

— Penetration of daylight 334, 337, 349 

— Reflection 299, 300 

— Refraction 295 

— Resistance (sound) 196 

— Salinity 380, 654 

— Scattering of light 305 

— Secchi disk (viaihihty) 358 

— Solubili^ (atmospheric gases) 548 

— Sound (resistance) 196 

— Sound (vdocity) 194 

— Spectral composition (light in) 337, 349 

— Surface-tension 514 

— Temperature 

Maximum density 277 

Oceans 655 

— Velocity of sound 194 

— Viscosity 188 

— Volume. Specific 248 
Seccbi disk (visibility) 338 
Shear (ice) 446, 449, 454 
Shear (water) 190 

Size of molecules 39, 41, 43, 52, 144 
Skating 428 

Skeleton steam-tables 591 
Sky light 347 
Slipperiness (ice) 428 
Smekal-Raman effect 302 
Snow 

— Absorption (radiation) 491 

— Albedo 486 

— Brilliance, Internal 492, 493 

— Condensation on 637 

— Conduction (thermal) 483 

— Defomability 458 

— Density 460, 462, 484 

— Diffusion (radiation) 492 

— Diffusivity (thermal) 483 

— Forma 419 

— Formation 419 

— Hardness 459, 460 
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Snow (Cont'd) 

~ Radiation 492. 493 

— Reflection 48o 

— Stren^h 460 

— Tamping (eff ) 459 

— Temperature Surface) 492 
Snow-blanket (variation with depth) 

— Density 460, 462, 464 

— HardnMS 4S9, 460 

— Raoge in temperature (diurnal) 483, 492, 491 

— Temperature 483, 492 
Solar radiation, net Sunlight 
Solid wall (eff ) 

— Surface-tension 512 

— Viscosity 189 

Solubility (gases in water, ef Solution of gases) 
(528d, 545+) 

— Air 534, 539 

— Atmospheric gases (sea-water) 548 

— Coefficients 

— < — Definitions 528 
Mean 529, 536 

— Colloids (efF) 551 

— Pressure (eff ) 540, 546 

— Sea-water, Solubility in 548 

— Supersaturation 550 

— Suspensions (eff.) 551 

— Symbols 528 
Solute (effect) . 

— Boiling-point 582 

— Dielectric constant 
Ice 496 

Water 358, 360 

— - Maximum density (water) 276 
JVieltmg-paint 604 

— Raman spectrum 311 
-Vapor-pressure 560-563, 574, 577, 582 

— Volume, Specific (ice) 423, 470 
Solution. Eutectic 606d 

Solution of gases (4ee+ Solubility) 

— Aeration 553 

— Coefficients S28d+, 5 5 2d 

— Colloids (eff) 551, 555 

— Convection 552 

— Entrance coefficient 553 

— Exit coefficient 554 

— Film, In 554 

— Formulas 552 

— Meltmg-pomt in 604, 605 

— Oa 534, 554 

— Oil layer (eff) 555 

— Process 552 

— Rate 552 

— Solubility, q v 

— Streaming 552 
Sound 

— Absorption 

Vapor (moist gases) 70 

-Water 196 

— Churning of water (eff) 196 

— Reflection • 

Ice 462 

Ocean bottoms 196 

— Resistivity (water) 195 

— Scattering by toluene 197 
■— Velocity 

Air, Moist 71 

Ice 461 

. Sea-water 194 

Vapor 68 

Water (191+) 

— Frequency (eff ) 195 

Maximum (75** C) 191 

Natural waters 193 

Pure water 192 

Temperature (eff) 191, 192 

space<harge (ice) 496, 50/ 
spark in water 341, 384 
sparking potential (vapoO 155 
specific neat; see Iieat, Specific 
ipecific inductive capacity, see Dielectric con- 
stant 

specific resistance, see Conduction (electric) 


Specific volume, see Volume, Specific 
Spectrum 

— Absorption 

Ice 494 

Vapor 136 

Water 341 

— Air (eff) 148 

— Analyses 

Vapor 142 

Water 312+, 343 

— Antistokes 303d 

— Brush discharge (water) 383 

— Change with phase 648, 649 

— Corona (water) 383 

— Emission (vapor) 149 

— Fine structure (vapor) 137-149 

— Glow discharge (vapor) 159 

— Ice 494 ^ 

— Interpretation, see Spectrum, Analyses 

— Positive column 157, 159 

— Raman {see+ Raman scattering) 

— — Change with phase 649 
Ice 488 

Vapor 135 

Water 307, 313, 314, 316, 649 

— Rotation terms (vapor) 137-149 

— Sea, Light m 337, 349 

— Spark in water 341 
— - Stokes 303d 

— Temperature (eff) 151, 346 

— Vapor, 

Absorption (136+) 

— Analyses 142, 144 

Bands 137, 145. 149 

— Fine structure 137-149 

Lines 137 

— Molecular constants ] 44 

— — — Pressure (eff ) 142 
Rotation terms 146 

— — Transparent regions 141 

Emission 149 

- — Glow discharge 159 

— - Water 

Absorption 341 

--Analysis 343 

- — Pressure (eff ) 346 

Sparks in 341, 384 

Temperature (eff ) 346 

Spraying, Electrification by 61, 609 
SprungwellenUnge 356 

State, Equation of, see Equation of state 
Steam, see vapor 
Steam-diagrams (references) 588 
Steam-tables 

— International skeleton 591 

— List of 589 
Steradian (unit) 9d 
Stoichiometric composition (water) 12 
Stokes spectrum 303d 

Strength, Dielectric, see Dielectric strength 
Stren^h, Electrical l54d 
Strength of ice 

— Compression, Linear 448 

— Shear 449 

— Sheet 457 

— Tension 447 
Strength of snow 460 
Strength of water, Tensile 179 
Stress, Effect on* 

— Evaporation 624 

— Melting 430-432, 437+, 646 
Strem. Recovery from (ice) 443 
Stretching 

— Ice 432 

— Water 179, 241 
Structure: 

— Ice* 

Bulk 401 

——Crystal 398, 434 
Molecule 425 

— Lattice 

Ice 174, 398, 425. 434 

Water 167, 174, 319 
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Structure (Cont’d) 

— Water (161+) 

Anomalies (thermal) 175, 651 

Capillary spaces. In 528 

— — Persists above critical temperature 175 
Sublimation (latent heat) 614 

Sunlight, Penetration 
-- Glacier 493 

— Heating 333 

— Snow 492 

— Water. 

Natural 334, 336, 349 

Pure 333 

Supercooled water* 

— Freezing 396, 416, 638 

— Viscosity 183, 185, 189, 396 
Supercooling of 

—Vapor 633 

— Water 396, 638 
Superheating of 

— Ice 643 

— Water 579, 622 
Supersaturation 

— Air With vapor 633, 634(d) 

— Cloud chamber (stages) 634 
— ■ Cloud Limit 635 

— Steam 633 

— Water with gas 550 
Surface* 

— Aspect (effect on evaporation) 625 

— Charge (electrical) 609 

— Cooling (evaporation) 625 

— Curvature (effect of) * 

— — Evaporation 623 

Vapor-pressure 513, 568, 623, 631 

— Energy (molecular) 519 

— Films and layers 189, 296, 512, 527, 528, 555, 
623, 624, 630f 632 

— Scattering (light, water) 297 

— Temperature; see Temperature Surface 
Surface-tension (511+)* 

— Angle of contact 522 

— Bubbles (movement) 528 

— Depression of column 526 

— Dihydrol 168 

— Effect of 
Age 518 

— — Catalysts 519 
Electrification 518 

— ^Gas 524 

Tilufflination 518 

Magnetic field 518 

Method 512 

Solid wall 512 

— Eotvos constant S20 

— Films (surface) 527 

— Films, Liquid (stability) 528 

— Floating bubbles and drops 526 

— Forces (range) 512+ 

— Formulas (temperature) 516 

— Meniscus (height, volume) 651 

— Molecular surface energy 519 

— Nageli's theory 526 

— Ramsay and Shield's (relation, constant) 520 

— Relation to other projierties 527 

— Sea-water 514 

— Temperature (variation with) 514, 516 

— Trihydrol 168 

— Values 514, 521 

— ^apOT-^resBure (curved surface) 513, 568, 

— Voltaic effect 528 
Surprises 655 
Susceptibility (magnetic) 

— Change with phase 650 

— Dihydrol 168 

— Ice 510 

— Permeability (relation to) 384 

— Specific susceptibility (relation to) 384 

— Trihydrol 168 

— Water (384+)* 

Fidd (magnetic, eff ) 384 

— — Formulas (temperature) 386 


Suscepjhbility (Magnetic)* Water (Cont'd) 

— — Tliermal history (eff ) 385 

Values 385, 386 

Sustaining power (ice sheet) 457 
Sutherland* 

— Constant 40, 63 

— Diameter 39 

— Free path 37, 39 
Symbols 

— Compound names 4 

— Italics 3 

— Prefixes (units) 4 

— References, Us^ in 2 

— Solubility of gases 528 

— Synthetic units 3 

— Table of 6 

— Units 3. 6 

Synthesis (iee+ Combination) 

— Energy, Disposable 19+ 

— Heat of 12+ 

Synthetic symbols (units) 3 
Systems of units 4 


Tamping of snow 459 
Technical energy 20d 
Temperature 

— Adiabatic compression (watery 269+ 

— Adjustment (vapor and liquid) 622 
-Critical 557 

— Decrease on adiabatic expansion 119, 269, 277 

— Diurnal range, see Temperature Range 

— Ice and water 643 

— Icc-point 602 

— Inversion (Joule-Thomson) 270, 277 

— Isentropic increase (compression, water) 272 

— Maximum density (water) 275 

— Maximum volume (ice, solutions) 423, 470 

— Range (diurnal) 

— —Glacier 422, 493 

483, 493 

Snow 484, 492 

— Recrystallization 412 

— Saturated vapor 570 

— Sea 655 

— Surface temperature 

— — Evaporation 624-626 
Snow 492 

— Vapor 

Escaping 623 

Saturated 570 

Tension, Surface, see Surface-tension 
Tension on ice 

— Mdting 646 

— Strength 447 

— Yieldmg 432 

— Young's modulus 444, 447 
Tension on water 

— Compressibility (dilated water) 241 

— Rupture 379 

— Vapor pressure 570 

Thermal conduction, diffusivity, expansion, see 
the nouns 

Thermodynamic potential, p constant 20d 
Thickness 

— Blanketing layers 623, 624, 632 

— Shell of vapor (drops) 632 

— Stagnant layers 623, 624 

— Transition layers 296, 527 

— Wall film 189, 512+ 

Thrust of ice (maximum) 197, 449 
Time, Ffec, see Free time 
Time, Relaxation, see Relaxation time 
Transition 

— Frequency 356d 

— - Layers, q v 

— Phase, see Phase transition 

— Wave-length 356(d) +, 372, 497 
Transmission (radiation), see Ab^rption 
Trihydrol 164d, 168 

Tnbvdrol as ice-forming nuclei 644 
Triple points (597d)* 

— Constants 563, 598, 603, 604 
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TrMe point! (Cont'd) * 
jceprodoelbilitj 604 
TubjM, Fneiiiif in 641, (45, 646 
Turbine^ Supenaturation m 633 
Turbidity 33^338, 347 
Tyndall on internal meltiny 405 
Tyndall icattenoff (radiation) 301 
Typee of ice 395 


tJitraaonic! (see+ Sound), Deffoasing hy 196 
Uniformity of water 19$ 

Union of hydrogen and oxygen 11 
United): 

— ’ Comprand names 4 

— Equivalents 6 

— Pre6xes 4 
» Symbols 3, 6 
^ Synthetic 3 

Systems 4 

Unpolymerised water 
^ Compressibility 168 
-—Specific heat 168 


\/ apor name of property) 

— e-particles m 56 

— Equation of state, q v 

— Escaping (temperature) 623 

— Molecular data. Miscellaneous 37, 144 

— Reflection from liimid 620 
Vapor^preasure , m nessure 
Vaporisation (620+) 

— Accommodation (coefficient, two) 620d, 622d 

— Association (change m) 622 
-Capture (coefficient) 620(d), 621 

— Convection 621, 625 

— Evaporation, q v 

— Latent heat 168, 613 

— Limiting factors 621 

— Steam-tables 588 

— Temjwrature adjustment 622, 623 

— Density of ice 462 

— Samples of water (206) 

— — Density 202, 206, 225 

— — Dielectric constant 358 

— — Refraction 279 
Velocity of: 

— Molecules 38, 40 

— Sound, q v 

Verdet*8 constant (water) (386) 

— Dispersion 389 

— Faraday effect 388d 

— Lag 388 

— Temperature (eff ) 388, 390 

— Values 390 
Vibrations in ice 

— - Types 460 

— Velocity* 

— — Fleirure 460 

— — Lcmgitudinal 461 
Transverse 461 

Vibrations of molecules (types) 142 

Vtrial constant 168 

Viscosity* 

— Critical point 66 

— Dihydrol 168 

— Fog 66 

— Ice 451, 453d 

— Ehstic limit 453, 457 

Glacier 453, 454, 456 

Load (eff ) 456 

Rate of shear (eff.) 454 

— — Relaxation time 452d 
Values 453-457 

— Maxwell's theory 452 

— Moist air 67 

— Relation to other properties 123, 190 

— Sea-water 188 

— Stationary film (thickness) 189 

— Trihydr^ 168 
-Vapor (61+) : 


Viscosity Vapor (Cont d) , 

Fog 66 

Formulas 63 

— • — Moist atr 67 

Sutherland constant 40, 63 

Values 64-67 

— Water (182+) • 

Effect of 

— — — Electric field 189 

— — — Gas, Dissolved 190 

— — — Magnetic field 189 

— — — Pressure 186 

— > — — Solid, Adjacent 189 

Range of force 189 

Sea-water 188 

— — Supercooled water 183, 185, 189, 396 
Values 66, 183-189 

— ‘ Weinberg’s formula and ol>6ervations 453 
Vision under water 654 
Vitreous ice 396 
Volume 

— Coaggregation 55 

— Critical 55R 

— Meniscus 651 

— Molecular S19d 

Volume, Specific (ree+ Density) 

— ‘Change with phase 612 
- Defect of (vapor) 81-85 

— Ice 

Melting-points, At 467 

— . — Solutions. From 421, 470 

— Maximum (ice, solutions) 423, 470 

— Minimum (water) 275 

— Sea-water 248 

— Vapor 

« - — Cloud-Umit 655 

Dilated 79, 593 

Gas (eff) 560+, 577 

• Saturated (icc) 601 

— —Saturate (water) 575, 577, 591 

— Water (*«+ Compresvifm) 

— — Compressed water 198d 

— —Formulas 234 

— — Values* 

— Compressed water 198 205, 248, 467. 592 

Saturated water 583, 591 

— • — — Sea-water 248 
Volume conductivity 374d 


V? ater fjce+ name of projierty) 

— o-particles in 178 

— Bernal-Fowler theory 165, 174 

— Callendar’s theory 164 
-Deuterium content 12, 202 

— Thist-frce 318 

— Molecular data 161 

— Quasicrysullme 162, 165 

— Sea-water, q v 

— Stoichiometric composition 12 

— Tlieraomechanical properties 274 

— Uniformity 198 

— Variahilijy 202, 206, 225, 279, 352 
Waterfall dectricity 609 

water -vapor, see name of property, also Vapor 
ization 
Wavea ■ 

— - Acoustic , see Sound 

— Electric , see Dielectric constant. 

— Ice 460 
Weig-ht, Molecular 

— Air 534 

— H,0 (M) 9, 12. 17 

— Vapor f-75*n 602 
Weinbern’a formula (viscoaity) 453 
Welding of ice 437-t- 

Wohl’a equation of state 90 

Work (external, pliase tranaition) 612 


X-rays. 

— Absorption (321 -b)- 
Coefficient (water) 322 
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X-rays (Cont’d) 

— Diffraction’ 

Ice 

— ■— — Crystal structure 173, 398, 425 
Periodicities 489 

Water 173, 319 

— Effect on electric conduction (water) 373 

— Reflection (water) 297 

— Scattering by vapor 136 

— Scattering by water 319, 321 


Vielding of ice. 

— Compression (linear) 4314- 

— Flemre 434 

— Pressure 436, 437 

— Punching 435 

— Shear 449, 454 

— Tension 432 
Young’s modulus 444, 447 
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